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A bstract
Experiments were carried out at the Wright Nuclear Structure Laboratory (WNSL) 
at Yale University using the 21MV ESTU Tandem Van de Graaff accelerator with 
the purpose of studying the high spin states of fgY and 39Y. A beam of im­
pinged at a laboratory energy of 60 MeV on a 600 gg/cm^ ^^Ge target with a thick 
(10 mg/cm^) ^®^ Au backing. This experiment was performed with the specific aim 
of accessing medium to high spin states of the nucleus of interest. A second exper­
iment was undertaken to populate the nucleus of interest in higher spin states by 
impinging a beam on a thin 62 }ig/crc? ^®Ge target with a 2 0  /ig/cm^ carbon 
backing at a laboratory beam energy of 90 MeV. Gamma rays emitted following 
the decay of excited states in 88,89y and other nuclei populated in the reactions 
were measured using the YRAST ball detector array, consisting of 10 Compton sup­
pressed HPGe clover detectors. There are 17 previously unreported 7  rays identified 
and placed in the respective level schemes in the current work for 88,89y^  In conjunc­
tion with the experimental study presented in the body of this work, nuclear shell 
model calculations using the code NuShellX with a truncated valence space have 
also been performed in an attem pt to describe the single-particle make-up of the 
states observed.
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Chapter 1
Introduction
As early as the 5th century BC, Leucippus and his pupil Democritus introduced 
the idea tha t all m atter is composed of small indivisible particles called atoms. 
It was not until the early 1800s that scientists such as Dalton [1] and Avogadro 
[2] elevated atomism from philosophy to scientific theory. Late in the nineteenth 
century radioactivity was discovered by Becquerel [3] and investigated further by 
Marie and Pierre Curie [4, 5]. In 1911, Rutherford, as a result of the now famous 
alpha scattering off gold foil experiment [6 ], postulated the atomic nucleus. This 
resulted in a new branch of physics, nuclear physics, which has been extensively 
studied over the last hundred years [7]. Over this period many sub-branches of 
nuclear physics have evolved such as the study of nuclear structure, which will be 
the focus of the work presented here.
1.1 The nuclei of interest: 88,89y
Yttrium isotopes consist of 39 protons and have been studied from neutron number 
37 [8 , 9] to 69 [9]. At first glance it would appear that, with 39 protons. Y ttrium  
isotopes sit exactly in the middle of the major proton shell Z=28-50. However, a 
sub-shell closure exists at Z=40, making Yttrium isotopes near-magic for protons. 
In addition, the two nuclei under investigation in this study, 88,89y^  have 49 and 
50 neutrons respectively which places them near magic or magic for neutrons, with
1
1.1 The nuclei of interest:
one neutron hole outside N=50 and ^^Y with N= 
chart relevant to this study is shown in Figure 1.1.
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Figure 1.1: A section of the chart of nuclides covering 2=28-50 and N=34-62 created 
using the Chart of the Nuclides [10]. Black squares correspond to ^-stable isotopes.
Due to the proximity of these nuclei to magic (or semi-magic) proton and neutron 
numbers it is reasonable to assume that these nuclei would be well described by the 
nuclear shell model (see section 2.4). The single particle levels involved in a shell 
model description of the nuclei of interest will be the i^/2 , P3/2, P1/2 and g'9/2 orbitals. 
In the case of ®^ Y the major neutron shell up to N=50 is full, meaning the low lying 
nuclear states are likely to be comprised of near-pure configurations of the single 
unpaired valence proton in either the fs/2 , P3/2, P1/2 or g'9/2 orbitals. This is found 
to be the case experimentally, as the four lowest energy levels published for ®^ Y 
have spin/parity 1/2“ , 9/2+, 3 /2“ and 5 /2“ [1 1 ]. The low lying configurations for
1.1 The nuclei of interest:
®®Y are more complicated as they, at the very least, involve coupling the angular 
momenta of the valence proton with the neutron hole in gg/2 . The ground state 
configuration for ®^ Y would be expected to arise from the simple coupling of the 
^(P i/2) the This is confirmed by the two lowest lying nuclear states in
®^ Y having spin/parity 4~ and 5" [12].
®^ Y lies next to both IfSrso and loZrso, which represent good closed cores [13, 
14, 15]. For this reason ^^Y has been studied extensively in the low spin regime, see 
references [14, 15, 16, 17, 18, 19, 20, 21, 22, 23]. However, the higher spin regime 
has far fewer data, with states up to spin 15 h reported in the literature [13, 24]. A 
full list of the published studies on excited states populated in ®®Y is shown below 
in Table 1.1.
Reaction Reference Year of Publication Emox (keV) Fmax
^^Rb(o;,n7) [20] 1974 1702.75(24) 9+
8G S r(3H e ,p ) [25] 1977 4148(5) 5
^^Rb(a,3n7) [13] 1981 4823.9(8) 14
8^Sr(d,n) [14] 1976 1480(20) 4
^%(^He,d),(cK,t) [15] 1971 2305(5) 4
*®Sr(p,n),(p,n7 ) [16] 1972 1832.2(20) 8+
[15] 1971 2305(5) 5 -
Electron capture decay [26] 1955 392.9(1) 4 -
*®Y(7,n7) [27] 1974 674.0(5) 8+
®®Y(n,2u7) [23] 1974 1283.0(7) 8+
="Y(p,d) [21, 17] 1975, 1973 1279 4
^°Zr(d,a),(pol d,a) [18, 28] 1973, 1987 2127(4) 5
’’^ Ge(^®0,3np7) [24] 1986 5558.0(10) 15
®^Zr(pol p,a) [29] 1997 3208(3) 4 -
Rb(a,xn7) [22] 1975 674.55(4) 8+
Table 1.1: A number of previous studies of ^®Y with the maximum spin {If^ax) 
state excitation energy above the ground state reported in each study.
Similarly ^^Y has been studied extensively at low spin [14, 30, 31, 32, 33, 34, 35, 
36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46], with fewer studies in the high spin regime 
[24, 47, 48]. See Table 1.2 for details.
1.1 The nuclei of interest:
Reaction Reference Date of Publication Emax (keV) F^max
^^/^^Ge(^^0,2npy/4npy) [24] 1986 8720.2(5) 31/2+
®^Rb(o;,2 n7 ) [47, 48] 1992,1988 8720.8(4) 31/2+
^^Y (n,n'y) [30, 31] 1986, 1984 4537.5(20) 13/2+
88Sr(d,n) [14] 1976 6510(20) 9/2+
88Sr(3Re,d) [32, 33] 1971, 1969 7720(20)
88Sr(^6o^i5i\i) [34, 35, 36] 1979, 1973 7710 9/2+
89y(^Y ) [37, 38] 1997, 1993 8664 9/2+
^^Y (n,n') [39, 40, 41] 1982, 1969, 1987 3137 9/2+
^^Sr(p,7 ) [42, 43, 44] 1979, 1971, 1969 10937 9/2+
s^Y(p,p'),(pol,p') [45, 46] 1975, 1982 6004(8) 1 1 / 2 +
Table 1.2: A number of previous studies of ^^Y with the maximum spin {I^ax) 
state excitation energy above the ground state reported in each study.
The production mechanism chosen to populate the nuclei of interest in the cur­
rent study was heavy-ion fusion evaporation reactions (see section 3.2). This pro­
duction mechanism populates nuclei in high excitation energy and high spin nuclear 
states [49]. The decay path the nuclei take follows close to or along the yrast line 
(see Figure 1.2 ) until it reaches the ground state. Figure 1.2 shows the previously 
reported spins and energies of the states in Since fusion evaporation reactions
populate high spin high energy states it is possible to determine which states are 
the most likely to be populated in this study.
It is clear from Figure 1.2 that low spin high energy states in both nuclei will 
not be observed. W ith this in mind, the previously reported level schemes pertinent 
to this work are shown in Figures 1.3, 1.4.
The ultimate aim of this experimental work was to extend the nuclear energy level 
scheme of into the higher spin regime. Truncated basis nuclear shell model
calculations have been performed and compared with experimental results with the 
aim of determining the validity of extending the nuclear shell model description of 
88,89y tbg high spin regime.
The body of work presented here is split into the following chapters. Chapter 
2  introduces the theoretical principles necessary to understand the results of the
1.1 The nuclei of interest:
current work. Chapter 3 details the experimental equipment and procedures used 
to populate and measure the nuclei of interest and the analysis techniques used 
in this spectroscopic study. Chapter 4 presents the results obtained in the current 
work. Chapter 5 compares theoretical shell model calculations with the experimental 
results to provide insight into the nuclear structure of the nuclei presented. Chapter 
6  summarises the presented work and offers an outlook.
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Figure 1.2: Plot showing excitation energy vs. spin for to determine the
most likely levels, yrast levels, observed in a high spin heavy-ion fusion evaporation 
experiment. Data taken from [11, 12].
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Figure 1.3: Previously reported levels up to ‘medium spins’ in pertinent to this 
study, from [12, 24].
1.1 The nuclei of interest:
(23/22L
(25/2T"
(23/2JÜ
(31/2+) 8720.4
(29/2+)
456
1 8264.2
(27/2+)
430
1 7834.6
/ 403
651 (25/2+) 7431.6
6674.;tv
5879.4 1411
1233
1932
13/2+
1361
11/2+ 326Ÿ
1658
245 7590,0
7193.8
6198.9
995
(25/2+)
(23/2+)
A \  935
616 \  I
\ ...... \(2.1./2!)_________I ______ 526_3.9
343
(19/2+) t  4920.5
17/2+ I 4825:4 \
571
(15/ri
5309.8 (21/2-)
48386__^
I 389 4449.5 756_|_
l \
j j _ 8 6 0 _ 1 9 / 2 -
17/2-
15/2-
2893.0
2566.6
/  3343.4
p
I 1106
LL 13/2-
9/2+ 909.0
909
0.01/ 2 -
Figure 1.4: Previously reported levels up to ‘medium spins’ in pertinent to this 
study, from [1 1 ].
Chapter 2
Theoretical Background
The central goal of nuclear physics is the understanding of the internal nuclear 
structure of the atomic nucleus. This is achieved by a two pronged attack of experi­
mental and theoretical investigation. The main body of this Ph.D thesis focuses on 
the experimental aspect, however, it is very important to consider the theoretical 
models used to describe the nucleus, and eventually to apply these models to the 
experimental results to glean any physical insight.
2.1 The Nuclear Force
The nuclear force (or the strong interaction) was deduced by the very fact tha t the 
nucleus is made of protons and neutrons. W ithout any knowledge of the nuclear 
force, one would expect the nucleus to be pulled apart by the repulsive force be­
tween the like-charged protons. However, the fact that nuclei exist at all requires 
another force that is attractive in nature, to hold the nucleus together. This must 
be stronger than the Coulomb force at nucleon-nucleon distances in order to over­
come the Coulomb repulsion between protons. It is also possible to deduce the short 
range nature of the nuclear force by observing how atoms interact with each other. 
If the nuclear force was infinite in range and dropped of with an inverse square law 
dependence (like gravitational or EM forces) then neighbouring atoms would feel 
the strong force and consequently be attracted to each other, this would lead to one
9
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large mass of nuclear matter, not individual nuclei in separate atoms. However, we 
see distinct atomic structure which suggests that the nuclear force is short range. 
Although the nuclear force is attractive to first order, at very short distances it be­
comes repulsive (seen as a nearly constant nuclear density with increasing A). The 
force is also charge symmetric and charge independent (pp=nn=pn) [49].
2.2 Pauli Exclusion Principle
The Pauli exclusion principle is introduced as it is important for the subsequent 
discussion of the theoretical models used to describe the nucleus. The Pauli exclusion 
principle states that two fermions (particles with half integer spin; protons, neutrons, 
electrons) cannot occupy the same physical space at the same time, or in other words 
they may not have the same set of quantum numbers. Mathematically this means 
the wavefunctions of the two particles must be anti-symmetric which leads to the 
the probability amplitude of the wavefunction going to zero if the two fermionic 
particles are the same, i.e. have identical quantum numbers.
2.3 Tw o-state m ixing
Most nuclear states encountered do not arise from a pure configuration of nucleons 
and therefore cannot be described by a wavefunction with a single term. In general, 
nuclear state wavefunctions are complex admixtures of many components. Due to 
the number of components, the resulting Hamiltonian matrix can be very large, with 
a large number of mixing matrix elements, making diagonalization a long process, 
with any resulting physical insight difficult to interpret. It is possible to replace 
the large Hamiltonian diagonalization calculation with a series of two-state mixing 
calculations (i.e. diagonalize a 2x2 matrix).
Consider a simple case in which there are two nuclear states of the same spin 
and parity with energy Ei and E 2 described by wavefunctions (pi and ^ 2 , known as 
the basis states, as shown in Figure 2.1.
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Figure 2 .1 : Schematic diagram of the effect of two-state mixing showing the energy 
shift of the two unperturbed basis states to their measured, perturbed energies.
2.3 Two-state mixing 12
The mixing matrix element of the interaction, V, between states 1 and 2 is 
{(l)i\V\(l)2 ) , which for simplicity of notation we shall now call Vu- The Schrodinger 
equation in matrix form is:
(2 .1)
where H  is the Hamiltonian matrix, ip is the eigenvector (corresponding to the 
wavefunction of the final perturbed state) and E  represents the eigenvalues of H  
(corresponding to the observed, perturbed states). The Hamiltonian in the case 
described here consists of the initial unperturbed energies on the diagonal, with the 
off diagonal being the mixing matrix elements connecting and (p2 via V  [50].
H = \  I (2.2)
V2I E 2
The eigenvalues (energies of the perturbed states) and eigenvectors (the wave- 
functions of the perturbed states) to equation (2 .1 ) are obtained by diagonalizing 
{\{H — A/2)I, where I 2 is the two dimensional identity matrix) the Hamiltonian 
matrix H, yielding the following results [50] :
E i j i  =  - ( / u  +  E 2 ) =t - \ / {E 2  — El) — 4V'2 (2.3)
where +  and - are for E u  and Ej  respectively. By defining a ratio, of the 
unperturbed energy difference, AEu, to the strength of the mixing m atrix element,
(2.4)
we then have:
l . „  . AEu L 4
(2/5)
It then follows that the magnitude of the energy shift, |A/7g|, in units of the unper-
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turbed energy difference is:
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(2 .6)
The wavefunctions of the perturbed states (i.e. the eigenvectors of the Hamiltonian 
matrix, equation (2 .2 )) are admixtures of the initial basis state wavefunctions:
'Ipl =  +  j3(p2
ipii = —^ (pi -f a^2
(2.7)
(2.8) 
(2.9)
where
1 + f  +  V i  +  f
1
2"j  2
(2 .10)
It is clear from equations (2.6) and (2.10) that the energy change due to mixing 
and the contributions to the final wavefunctions, ipiji, of the initial basis state 
wavefunctions is only dependent on the ratio, 7?, of the unperturbed energy difference 
to the strength of the mixing matrix element.
Therefore, if the energy difference between the two unperturbed states (AEy)  
is large, the states will mix very little, resulting in the perturbed energy being 
similar to the unperturbed energy and the final wavefunction being (almost) purely 
the basis state wavefunction. However, if the two unperturbed states are close in 
energy mixing does occur. Similarly, if the mixing matrix element is small, little 
mixing will occur, and vice-versa. For example if AEu=lOO keV and y=100 keV, 
then R =  1, A E s/A E u  = 0.62, i.e. a change 62% of the initial unperturbed energy 
difference, with (5 = 0.53 and a  =  0.85 ip i  = 0.85^i4-0.53^2 and i p n  =  — 0.53<;;!)i-4-
0.85^2, i.e. the final wavefunctions are admixtures of the basis state wavefunctions. 
However, if the energy difference is large with the same mixing matrix element 
{AEu=lOOO keV and I/=100 keV R  = 10) or the energy difference is the same.
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with a small mixing matrix elements (A/^^t^lOO keV and V=10 keV —> i? =  10) 
then A E s/A E u  = 0.0099, i.e. very small change, and (3 = 0.099 with a  = 0.995 
Ip I = 0 .9 9 5 ^ 1  +  0.099^2 and ipu = —0.099^i +  0.99b(p2, i.e. each perturbed 
wavefunction (almost) purely comprises the basis state wavefunction.
2.4 Nuclear M odels
The aim of all nuclear models is to reproduce features experimentally observed in 
nuclei whilst still preserving essential underlying physical meaning. Once this has 
been achieved, nuclear models are used to predict properties or trends in nuclei 
that are yet to be observed. In general, there are two types of nuclear model; 
microscopic and macroscopic. Microscopic or single particle models investigate the 
atomic nucleus by probing the effects of individual nucleons on the overall structure 
of the nucleus, e.g. the shell model (outlined below). Macroscopic or collective 
models deal with the nucleus as a whole by approximating the bulk properties of the 
nucleus, e.g. the liquid drop model. The theoretical discussion presented throughout 
this work focusses on microscopic models.
2.4.1 The N uclear Shell M odel
The nuclear shell model simplifies the complicated picture of the nucleus to a more 
computable form by reducing a complex nucleon-nucleon force to a much simpler 
one-body potential. The nuclear shell model is an analogue of the atomic shell model 
and is similar in a number of ways. Nucleons are added to shells which increase with 
energy that orbit around a central potential. In the atomic shell model the central 
potential in which the electrons orbit is generated by the nucleus. However, in the 
nuclear shell model one of the fundamental assumptions is that the motion of a 
single nucleon is determined by the potential generated by all of the nucleons in 
the nucleus, i.e. the nucleons themselves generate the potential tha t governs their 
motion. The nucleons are added in orbits in a way that is consistent with the Pauli 
exclusion principle (see section 2 .2 ).
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The independent particle model is a predecessor to the shell model, and as such 
it is important to discuss here. As the name ‘independent’ particle model implies, 
nucleons are treated as individual particles, orbiting about the mean field without 
interacting with the other nucleons. This treatment appears to be non-physical as 
the nucleons are subject to the strong nuclear force as well as inhabiting a nucleus 
that is dense, so how can nucleons orbit a central potential without interacting? This 
is explained by considering the Pauli exclusion principle. As stated in section 2 .2  no 
two particles can occupy the same physical space. If two tightly bound nucleons are 
orbiting in a nuclear potential and a collision occurs, energy transfer would occur, 
exciting the nucleons, promoting one to a higher energy shell. However, if the higher 
energy shells are fully occupied, and the energy imparted to the nucleon during the 
collision is insufficient to promote the nucleon to an unfilled orbit, there is nowhere 
for the nucleon to excite to. The energy transferred in such a collision is likely to be 
less than is necessary to excite a nucleon to a unfilled orbit. Therefore the collision 
cannot occur and the nucleons orbit independently of one another.
The starting point for nuclear structure theory should be the interaction be­
tween nucleons rather than a nuclear potential. An excellent approximation for this 
nucleon-nucleon interaction is a 2-body interaction. The 2-body interaction Hamil­
tonian {H = T  + V, where V  has the form of a nucleon-nucleon potential) has 
3A position coordinates (where A is the sum of the protons and neutrons) and is 
only solvable for the lightest few nuclei. A huge simplification is achieved by using 
a common or ‘mean’ nuclear potential rather than a nucleon-nucleon interaction. 
This means that instead of calculating the nucleon-nucleon potential between all 
the nucleons in a given nucleus, the calculation is performed by assuming nucleons 
are orbiting in a central potential created by all the nucleons of the nucleus. The 
potential used in the independent particle model is a nuclear mean field potential. 
Another large simplification arises from the constraining the potential to being cen­
tral or spherically symmetric (i.e., only dependent on the radial distance from the 
origin).
To investigate the usefulness of the independent particle model it is necessary to
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consider some appropriate potentials; e.g., the infinite square well and the simple 
harmonic oscillator.
The infinite square well is described by the following relation [50]:
V{r) = <
0  for 0  < a; < d, 
0 0  for 0  > Æ > d
The Schrodinger equation (1-dimensional, r ^  x) is:
—fi? d3ip{x)
2m dx"^
which rearranges to:
if
(2.13)
k = 1  V 2m (B -  V)  (2.15)
The solution to an equation such as (2.14) is ip{x) =  Asm{kx)  -b Bcos{kx). Since 
the well is infinitely high, there is zero probability of the exponential tail of the 
wavefunction, ip{x), leaking through the well ‘walls’. This requires tha t -0(0) =  0, 
which means B=0 (since sin(O) =  0 and cos(O) =  1), and 0(d) =  0, which results in 
kd = n7T 01 k = ^ .
By combining the results from the boundary conditions with equation (2.15) the 
energy, E, is:
H  =  i V M ^ r i 7 ) . ^  =  ^  (2,16)
where n=l,2,... This result shows that the energy levels predicted using a infinite 
square well potential are quantised (as with any bound quantum mechanical wave) 
and that the lowest energy level predicted is non-zero, i.e. there is a zero point 
motion. This is important as it shows agreement between this simple model potential
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and the Heisenberg uncertainty principle (A xA P  >  f). If there was no zero point 
motion the particle would not be moving {Ap = 0), which would result in A x  —> oo
i.e. no confinement. Also if there was no zero point motion the exact location of 
the particle would be known {Ax = 0), therefore p ^  oo, i.e. particle not bound. 
Confinement leads to zero point motion as a result of the Heisenberg uncertainty 
principle.
As stated at the beginning of section 2.4 it is required that a nuclear model 
must be able to reproduce experimentally observed features to be considered useful. 
Observations have shown that there are sudden discontinuities in the proton and 
neutron separation energies at specific values of Z and N. These correspond to the 
closing of shells (or sub-shells) and are known as magic numbers. These occur at Z 
or N=2, 8 , 20, 28, (40), 50, 82, 126. The potential, V{r), chosen for use in a nuclear 
model must approximate the bulk of the individual interactions between nucleons 
whilst reproducing the experimentally observed magic numbers. The infinite square 
well reproduces only the first three (2, 8 , 20) shell closures (see Figure 2.2), and 
is therefore not a potential used in theoretical calculations, but it is still a useful 
starting point.
The next potential to be considered is the simple harmonic oscillator potential.
The ease of manipulation and many analytical results make the harmonic oscillator
potential ideal. The harmonic potential is given by [50]:
V{r) =  (2.17)
where m  is the mass and r  is the radial distance. For a 3-dimensional harmonic 
oscillator the eigenvalues, Eni (or energy levels), can be written as [50]:
^ni — (2 u. I ^)/kj (2.18)
where n=l,2,... This leads to exactly degenerate energies of two levels with the 
following relation:
A l = - 2 A n  (2.19)
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For example the levels 2s {n = 2, I = 0) and Id (n =  1, / =  2) have A l  =  —2 and 
An =  1 (—2A n =  —2). Therefore this relation (equation 2.19) groups degenerate 
levels together. For a schematic of the single particle level structure for a simple 
harmonic oscillator potential, see Figure 2.2. Figure 2.2 shows degenerate multiplets 
of levels with more than one value of n (the principal quantum number) possible. 
This grouping of levels provides the shell structure necessary for a successful model 
potential. However, this Figure shows, for the simple harmonic oscillator potential 
with no modifications that only the first four shell closures are reproduced, up to 
N, Z=40. The level spacings above this point do not represent what is observed 
experimentally. This indicates tha t the simple harmonic oscillator potential is a 
good first approximation to the nuclear potential, but must be modified to become 
useful.
Consider a nucleus with dimensions substantially greater than the range of the 
nuclear force {dnuc »  R n )- Any nucleon that inhabits the surface of the nucleus 
would feel an asymmetric force, due to the asymmetric distribution of other nucleons 
relative to the surface nucleon. However, if a nucleon is not at the surface, it would 
be surrounded on all sides by other nucleons and would feel a symmetric force, 
which is to say, no net force. It follows that since sub-surface nucleons feel no net 
force the potential should be (approximately) constant within the nucleus. This 
indicates that a square well potential would be better suited, but as stated earlier, 
this potential does not reproduce the correct shell closures.
Another approach is to ‘flatten out’ the bottom of the harmonic oscillator po­
tential with the addition of an attractive B term. The effects of the P term increase 
with larger orbital angular momentum, I. This means particles with larger angular 
momentum feel a stronger attractive interaction, resulting in the energy of such lev­
els being reduced. This breaks the degeneracy of the harmonic oscillator levels, as 
seen in Figure 2.2.
The harmonic oscillator potential with an P term is an intermediate form between 
the square well and harmonic oscillator potentials and is very similar to a commonly
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used potential, the Woods-Saxon potential [49]:
Figure 2.2 shows that, although the degeneracy of the harmonic oscillator states 
has been broken, the correct magic numbers are still not reproduced when using 
the harmonic oscillator potential with an P correction. Another correction can be 
applied, known as the spin-orbit interaction.
The spin-orbit interaction [51, 52, 53] is introduced to reproduce the shell struc­
ture accurately, with correct magic numbers, known empirically. The spin-orbit 
force is predominantly a surface effect, and as such can be written:
■ a (2.21)
where V{r) is the chosen potential, i.e. harmonic oscillator, and Vis is a strength 
constant [50].
The intrinsic angular momentum or spin of a nucleon is s =  The total 
angular momentum, j ,  of a nucleon in any orbit corresponds to the vector coupling 
of the orbital angular momentum, /, with the intrinsic spin angular momentum, s 
{j = I s). Since each nucleon, being a Fermion, has intrinsic spin s = \  and can 
align parallel or anti parallel to the orbital angular momentum, the total angular 
momentum becomes j  = / ±  W ith parallel alignment favoured the spin-orbit 
interaction affects higher I orbits more, splitting nl levels into components j  = l + \  
and j  =  / — | ,  i.e. splitting the n /= lg  level into lgg/2  (lowered) and lg %/2 (raised 
in energy). The effects of splitting due to the spin-orbit interaction reproduce the 
shell gaps at the correct magic numbers as shown in Figure 2.2. The expectation
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value for the spin-orbit interaction is as follows [49]:
{I - s) — ^ [ j { j 1) — 1 ( 1 1 )  — s{s + l)]h/ (2 .2 2 )
=  for j  = I ^ (2.23)
=  -  ^  î f  for j  =  / -  i  (2.24)
The energy difference between two states, originating from the same nl multiplet, 
due to the spin-orbit potential is then [49]:
^  +  1)^^ (2.25)
The importance of the spin-orbit interaction goes beyond reproducing the correct 
shell structure. Prior to the introduction of the spin-orbit interaction, the major 
groupings of orbits comprised only levels with the same parity (see S.H.O  -b P in 
Figure 2.2). The introduction of the spin-orbit interaction reorders the energy levels, 
resulting in orbits of different parity occupying the same major shell, e.g. the Ü13/2 
positive parity orbit being lowered into the ‘pfh’ >82 <126 major shell. These levels 
are known as unique parity orbits. Unique parity orbits interact (i.e. ‘mix’) very 
weakly with other orbits of the same parity as the energy difference to the closest 
same parity orbit is large. The orbits that are close in energy to these unique parity 
orbits have different parity and so no mixing occurs between these states. The 
resulting configurations originating from the unique parity orbits are especially pure 
which make them an ideal testing ground for nuclear models.
2.4.2 R esidual Interactions
Thus far the discussion has centred on the independent particle model, which is 
limited. If a nuclear orbit is full, the total angular momentum, J , of the resulting 
energy level is zero as all the nucleons couple anti parallel (e.g. for full P3/2 4 nu­
cleons; — i  +  2 "^ — 2 — § =  0). The energy of such a state would be given
by the sum of the single particle energy states. However, if the orbit was not fully
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Figure 2.2: Single particle levels arising from different central potential choices input 
into the Hamiltonian, H.
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occupied the orbital angular momentum and spin could couple in a number of ways 
creating a number of states with different total angular momentum. Since the en­
ergies of these states are simply the sums of the single particle orbital energies, and 
therefore independent of the m-substate of the nucleons, they are degenerate. How­
ever, this degeneracy of a ground state with different angular momenta is not borne 
out by experimental observations. To break this degeneracy, residual interactions, 
Hres, between nucleons need to be considered. Residual interactions are added to 
the independent particle model Hamiltonian, H q {H = H q + Hres), to extend the 
independent particle model to encompass configurations of more than one valence 
particle. The independent particle model with the addition of residual interactions 
is commonly known as the nuclear shell model
The ground states of all even-even nuclei have = 0+, which refiects the 
fact that two nucleons feel a strong attractive interaction in the J  =  j i  +  j 2 =  0 
configuration. The pairing interaction simulates this strong attractive force, which 
is short range (only effective when the two nucleons have a large spatial overlap) 
and only applicable to O'*’ states created by configurations of two like nucleons in 
equivalent orbits. The effect of the pairing interaction is to remove the degeneracy of 
the 0 + coupling, lowering it, whilst leaving the other states with other, non-zero spin 
couplings unchanged (see Figure 2.3). The pairing interaction allows the excitation 
of pairs of nucleons, which gives rise to pairing correlations and the even-even pairing 
gap.
Since the pairing interaction only lifts the degeneracy of the 0 + state, the remain­
ing states are still degenerate. To remove this degeneracy a contact or 6-interaction 
is used. As with the pairing interaction the 6-interaction is only effective when the 
two nucleons have a large spatial overlap, reproducing the short range nature of 
the nuclear force. The Pauli exclusion principle is central to an understanding of 
the effect on the nuclear states when considering the 6-interaction. If we consider 
two particles in the L S  coupling scheme (separating the orbital, L, and intrinsic, S, 
angular momenta) with intrinsic spins aligned parallel, such that S  = 1, the spin 
part of the wavefunction describing the final nuclear state is symmetric. Due to the
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Pauli principle, the total wavefunction must be antisymmetric, therefore the spatial 
part of the wavefunction must be antisymmetric [50]:
(r2) =  (r2)*2 (n ) (2.26)
Since the 6-interaction is very short range, it is only effective at r  =  r i =  r 2 ,
therefore:
(r)0j2 (r) =  (r)0j2 (r) (2.27)
which is only possible if both sides are zero. Therefore, at the only location where
the 6 -interaction is effective, the wavefunction vanishes, resulting in the 6-interaction 
not effecting nuclear states which arise from configurations with the intrinsic spins 
aligned parallel to each other (S' =  1). Therefore, only states with S  = 9 are affected 
by the 6-interaction as it allows the spatial part of the wavefunction to be symmetric 
since the spin part is antisymmetric. These statements are only true for identical 
particles (i.e. two nucleons with nuclear isospin number T =  1) as this means the 
isospin part of the wavefunction is symmetric. If the nucleons have T  = 0, meaning 
the isospin part of the wavefunction is antisymmetric, the spatial part is not required 
to be antisymmetric.
These results can be considered in a semi-classical picture in terms of the rel­
ative orbital planes of the nucleons. If two particles are orbiting a nucleus, the 
largest interaction would be expected at small angles (/^ 0 °) and angles close to 
180°, i.e. when their orbital planes are in close proximity, allowing the short range 
6 -interaction to have an effect. For the T  = 1 case (two like nucleons) the nucle­
ons would feel a strong interaction when orbiting in the opposite directions, which 
corresponds to Jmin (^ =  180°). However, if the nucleons are orbiting in the same 
direction, corresponding to J^ax (^ =  0 °), they cannot come into contact due to 
the Pauli exclusion principle, making the interaction strength vanish. This relation 
is depicted in the top panel of Figure 2.4. The T  — 9 case is unaffected by the 
Pauli exclusion principle as, by definition, the particles are distinct, resulting in the 
a strong interaction at both large {9 = 180°) and small {9 0°) angles (see bottom
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panel of Figure 2.4).
The affect of the residual 6-interaction is to lift the degeneracy of states, such 
as shown in Figure 2.3. The effect of the interaction is higher for higher j  i.e. the 
energy of the 0 "^  is lowered to a greater degree in the (/in /2)  ^configuration compared 
to the (^5/2)  ^ configuration.
\  \
\ \
6+
4+
\ 2
Pairing interaction No residual interaction 6 - interaction
Figure 2.3: Schematic of the effect of the pairing- and 6 -interaction on the degeneracy 
of the final nuclear states. Modified from [50].
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Figure 2.4: Angular dependence of the residual (^-interaction for particles in equiv­
alent orbitals. Top panel: identical particles (T =  1) for even J  states, described 
by a tan |  interaction. Bottom panel: distinct particles (T =  0) for odd J  states,
described by a cot § 1 +
plots are taken from [50].
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interaction. The equations used to create these
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2.5 Nuclear properties
There are many aspects that govern the atomic nucleus and how it interacts; some 
of the basic principles are outlined in the following few pages.
2.5.1 C onservation of energy
When a nucleus decays from one energy state to another energy must be con­
served. There are several methods by which a nucleus loses energy such as a- 
decay , /3-decay, 7 -decay, internal conversion, proton/neutron emission and spalla­
tion / fragmentation/ hssion. These processes change the properties of the nucleus by 
altering the number of constituent nucleons (excluding 7  decay and internal conver­
sion).
2.5.2 A lpha decay
The CK-decay process arises due to the Coulomb potential; it is a process by which a 
nucleus can reduce excess binding energy and (Coulomb) charge. It can be simply 
described schematically by the following equation.
iX jv=<^:^JX (iv-2) +  a  (2.28)
An a  particle is a ^He nucleus and is tightly bound, having a relatively small mass 
compared with the residual nucleus remaining following its emission [49]. This 
enables the a-particle to carry away most of the binding energy released in this 
process. To first order, the energy of the a  particle is equal to the difference in mass 
energy between the initial and final state.
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2.5.3 B eta  decay
There are three main processes that fall under the term /3 decay. These are shown 
below:
71 —> p +  e I'e (2.29)
p —> n +  (2.30)
p +  e —> 71 -]r l^ e (2.31)
Equation (2.29) and (2.30) show the basic processes of /3 decay during which a 
neutron is converted into a proton {!3~ decay) or a proton is converted into a neutron 
{j3^ decay). These processes involve the emission of an electron (or positron) and an 
anti neutrino (or neutrino). Electron capture is also included as a type of /3 decay as 
shown in equation (2.31). In this decay process a tightly bound atomic electron is 
captured by the nucleus, converting a proton to a neutron and emitting a neutrino.
This process competes with decay. In all these /3-decay processes the proton and
neutron number are altered by one unit; Z—>Z± 1  and N—>N=pl, with the atomic 
mass. A, staying constant.
The energy of the emitted /3 particle has a continuous distribution that ranges 
from 0  to the endpoint energy which corresponds to the energy difference between 
the initial and final states. This is due to the decay energy being shared between 
the electron (or positron) and the anti neutrino (or neutrino).
2.5.4 G am m a decay
Nuclei are often populated with excess energy, i.e. from ^  decay. If the energy 
is insufficient to evaporate particles from the nucleus, it will likely decay via the 
emission of y-ray photons. To first order the energy of the emitted photon is equal 
to the difference between the initial and the final energy state { E i  — E f ) .  In reality 
there is a small correction to account for the recoil of the nucleus. However, this 
correction is often small enough to be beyond the capabilities of measurement in
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typical 7 -ray detectors.
M ultipoles
Gamma-ray photons are a form of electromagnetic radiation and as such can be
analysed in terms of multipole moments; electric or magnetic. The lowest order
moments are the electric and magnetic dipole moments. An electric dipole (d) 
resulting from a radiation field can be described classically as two point charges -f g 
and -q oscillating in time along an axis z, with the resulting moment being [49]:
d{t) = qz ‘ cosLot (2.32)
A magnetic dipole is represented classically as loop of current (i) encircling an 
area A, with an oscillating current. The magnetic dipole moment is as follows [49]:
= iA  • cosLüt (2.33)
Angular m om entum  and parity
Classically, an electromagnetic radiation field transmits both energy and angular 
momentum. Angular momentum is radiated at a rate that is proportional to  the rate 
at which energy is radiated. In the quantum mechanical regime an electromagnetic 
radiation field is quantised in components of photons. To be consistent with the 
classical proportionality between radiated energy and angular momentum, photons 
must carry definite angular momentum. Angular momentum is a conserved quantity 
and as such:
I i  = L  +  I f  (2.34)
A, L  and I f  form a closed vector triangle which results in maximum and minimum 
values for L; Lmax =  A +  ^/ and Lmin = \Ii ~  If\- The angular momentum of the 
photon, L ,  determines the order of the field pole (2^). Therefore, L  =  1 corresponds 
to a dipole radiation field (2  ^ =  2), L =  2 to a quadrupole field (2  ^=  4), L =  3
to a octupole field (2  ^ =  8 ) and so on. For example, if A =  |  and 7/ =  § then
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Lmax = 1 +  1 =  4 and Lmin = = Therefore the possible angular momentum
of the transition is L  = 1 ,2 ,3 ,4  with the resulting radiation being a mixture of 
dipole, quadrupole, octupole and hexadecapole fields.
The electric or magnetic nature of emitted q-ray radiation is determined by the 
relative parity of the initial and final states. If there is no change in parity between 
the initial and final states then the radiation field joining the two states must have 
even parity. If there is a parity change during the transition from the initial to the 
final state the radiation field has odd parity. The parities of electric and magnetic 
multipole fields differ and are determined by the angular momentum of the transition 
[49]:
5t(ML) =  (-1)^+^
ir{EL) =  ( -1 )^  (2.35)
The following angular momentum and parity selection rules govern electromagnetic 
transitions [49].
\Ii — I f  \ < L  < Ii + I f  (excluding L  =  0 )
No parity change : even electric, odd magnetic, e.g. M l, E2, etc 
parity change : odd electric, even magnetic, e.g. E l, M2, etc (2.36)
Since L  =  0  monopole 7  rays are not permitted in the above selection rules, a 
transition where I{ = I f  results in the lowest transition possible being a dipole 
radiation field ( L  = 1). However, if the transition links two states with 7 =  0 
{li = I f  = 0 )  the only possible angular momentum transfered from the above the 
selection rules is L =  0, which is not allowed. In this case the decay method is 
internal conversion (discussed in section 2.5.5).
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M ixing  ra tio s
The 7 -ray selection rules allow a number of different angular momentum values to 
be transmitted in certain transitions (see above). In this case the different multipole 
fields of the transition are allowed and can compete, with the most likely multipole 
orders being the lowest (L) and the next lowest (T'—L-t-1). A mixing ratio {6) is 
defined to relate the relative decay probabilities associated with the multipolarities 
L  and L':
j l f l W ' L ' W k )
f rr' T!
(2.37),2 in tensity  o f  a 'L‘
intensity o f  aL
where a is the electric (E) or magnetic (M) nature of the transition.
L ifetim es an d  tra n s itio n  ra te s
The lifetime, r ,  of a nuclear state is related to the intrinsic width, T, of the state 
via the Heisenberg uncertainty principle.
TT > (2.38)
A nucleus in an excited state will have a finite probability to decay to a state that
is lower in energy. This probability is proportional to the energy width (T) and is
governed by the matrix element joining the initial (^ %) and final (^ /) states and the 
operator (M) which describes the mode of decay.
r  oc I {i>f\M\i,i) r  (2.39)
Therefore, the measurement of lifetimes corresponds to the measurement of the 
decay probability from one nuclear state to another. The transition probability
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from one nuclear state, Jj, to another J /  is as follows:
« " ‘ I -  ( l ) ” ‘ -  "'I <“ »>
where is the 7 -ray energy and B{aL  : —> J /)  is the reduced matrix element
A n g u la r d is trib u tio n s
To consider the angular distributions of 7  rays within the framework of the current 
work it is sensible to start with the process by which the nuclei emitting the 7  
rays are produced. The angular momentum input in heavy-ion fusion-evaporation 
reactions (see section 3.2) can be described classically by the following relation:
L =  r  X p (2.41)
where L is the angular momentum of the compound nucleus, r  is the vector that 
describes the position of the projectile relative to the target and p  is the linear 
momentum of the projectile. Since L is described by a vector cross product of 
r  and p, the angular momentum of the compound nucleus is aligned in a plane 
perpendicular to the r  and p  plane, i.e. perpendicular to the beam axis. This 
results in the compound nucleus being fully aligned, the population of the magnetic 
substates are described as follows:
P{m) = < ^ (2.42)
0 , m 7  ^0
The compound nucleus created in the fusion reaction can contain significant inter­
nal energy, which is reduced via the evaporation of particles. This removes full 
alignment, introducing m^^O substate population. The population of the substates 
is described by a Gaussian distribution centred on m=0 with a half width a  for a 
given spin.
The angular distribution of a 7  ray depends directly on the magnetic substate of
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the initial state from which it originates and the final state to which it decays. To 
illustrate this dependence consider the following example with 1^=1 and I/= 0 . The 
initial level of spin 1 has three magnetic sublevels, =  0 , ± 1  decaying by dipole 
radiation to the final level having only one sublevel, rrif  = 0. There are now three 
decay paths; m i  = 0  r u f  =  0, =  —1 —> m / =  0 and rrii = 1 ^  rr if  =  0. The
emission probability of the =  0  to my =  0  transition as a function of angle varies 
as sin^ 9  and the transitions from to my =  0 going as |(1  +  cos^ 9 ) .
Ideally, it would be possible to isolate each magnetic substate component of the 
transition separately to allow measurement of each multipole. However, to enable 
this type of measurement (which requires a strong magnetic field to induce Zeeman 
splitting [54]) detectors would need to be able to differentiate between 7  rays with 
eV difference. This means that a mixture of all possible decay paths is 
measured experimentally [49]:
(2.43)
mi
where p(m%) is the population of the initial state, i.e. the fraction of nuclei that 
occupy each sublevel, which under normal circumstances equals | ,  resulting in [49]:
W { 9 )  oc | [ | ( 1  +  c o s ^ ^ ) ]  +  ^ ( s in ^  ^ )  +  | [ | ( 1  +  c o s ^ ^ ) ]  ( 2 .4 4 )
This results in the radiation intensity being isotropic, destroying the angular dis­
tribution. A method commonly employed to introduce an unequal population of 
magnetic substates involves measuring 7  rays with detectors at different angles and 
is known as angular correlation.
To illustrate angular correlation consider an example such as tha t depicted in 
Figure 2.5. An initial state Iq = 0  decays to the same initial state, li = 1,  described 
above, which subsequently decays to a final state I f  =  0.  The first transition in 
this cascade, 7 1 , is observed by detector D l, defining a z-axis. The second 7  ray 
is then observed by detector D2 at a angle ^2 relative to the defined z-axis. The 
angular distribution of the transition from mo =  0  to =  0  is proportional to
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]q -0
1=1in i =0, ±  1
7=0
D2
Dl
Figure 2.5: Illustration of an example level scheme and detector set up used to 
describe the angular distribution of 7  rays, see text. Modified from [49].
sin^ (as above), with 9 relative to the newly defined z-axis. The transition with 
mo =  0 to nii =  ±1 is proportional to |(1  +  cos^ ^i) (also as above). However, since 
the first 7  ray (7 1 ) defines the z-axis, 9i =  0 , therefore sin^ 6^ 1 =  0 , resulting in the 
mo =  0 to m  ^ =  0 transition not being emitted in that direction. This means the 
nucleus cannot have been in the m% =  0 substate when observing 72 in D2 following 
observation of 71 in Dl. Therefore p{nii) =  0 for m  ^ =  0 which results in the 
following, anisotropic, angular distribution of 72  relative to 7 2 :
W{6) oc ^[H l +  cos^^)] +  0(sin^^) +  |[ |( 1  +  cos^ 0)] oc 1 +  cos^ 9 (2.45)
The discussion presented above consider only the simple case of pure dipole radi­
ation, with corresponding equations shown. The general form of an angnlar dis­
tribution is shown below in equation 2.46 in terms of Legendre polynomials, Pk
W(6) =  y^akPkjcosB) (2.46)
where are coefficients dependent on the initial and final states involved in the 
transition. Below are typical angnlar distributions for pure dipole and quadrupole
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transitions respectively:
IV(^) =  Mo[l +  cos (2.47)
W (Û) = A.Q [1 +  A.2 P2 cos 9 T  cos 9\ (2.48)
T^(cos^) =  |(3cos^a -  1) (2.49)
P2{cos9) = 1(35 cos"^  ^ — 30 cos^ ^ +  3) (2.50)
2.5.5 Internal conversion
Internal conversion is an electromagnetic process of nuclear de-excitation tha t com­
petes with 7 -ray emission. The electromagnetic multipole fields of an excited nucleus 
that often result in the emission of a 7 -ray photon instead interact directly with an 
orbiting atomic electron causing it to be emitted. This leaves a hole in an electron 
shell (most likely K-shell) which is quickly filled, resulting in a characteristic X-ray 
emission. Unlike /?-decay the electron is not spontaneously created in this process, 
but simply ejected from one of the bound states in the atom. Since the presence 
of atomic electrons is required for this process, internal conversion can be hindered 
by stripping an atom of its electrons [56]. Internal conversion is important in 7 -ray 
spectroscopy as it competes with 7 -ray emission. The total decay probability of a 
nuclear state {X = 1 /t ) has contributions arising from 7 -ray emission (A.y)and internal 
conversion (Ag).
Xt — Xy  -f- Ag ( 2 .5 1 )
If only 7 -ray emission is considered the total decay probability is underestimated. An 
internal conversion coefficient is defined as a  =  Ag/A^ which gives the probability 
of an internal conversion electron being emitted relative to 7 -ray emission. This 
results in a total decay probability of:
At =  A.y(l +  a ) (2.52)
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2.6 Generation of High Spins in Nuclei
The calculation of the total angular momentum of a configuration is achieved by 
simply coupling the angular momenta of the contributing nucleons. This can be done 
by using a formula similar to that in equation 2.36. For example, if we consider a 
system that has a ground state with one proton in the p i/2  single particle state 
and one neutron hole in the gg/2  single particle state, the total angular momentum 
possible in this configuration is \ji — J2 I <  J  <  j i  +  J2 |  ~  |  ^  J  <  |  +  
f —> 4 < J  <  5. Therefore a nucleus with the configuration described by this 
idealised scenario will have two degenerate states, one with total angular momentum 
4 and the other 5. (This configuration represents the ground state of the nucleus of 
interest in the current work, with this prediction being observed experimentally 
in the data, with a ground state of J^= 4 “ and a low lying excited state of 5“ 
[24]). If we now consider the valence proton being excited to the gg/2  single particle 
level the total angular momentum possible is now |  — +  > 0 <
J  <  9, i.e. in this excited configuration there are 10 states generated with = 
0"^ , 1^,..., 9"^ . A very large number of states will be predicted if all of the possible 
configurations of nucleons are considered, leading to a large and time consuming shell 
model calculation. It is often sensible to apply some restrictions to the configurations 
included in the calculation by truncating the valence space.
The maximum amount of total angular momentum possible, within the 28-50 
major shell, in the nucleus of interest, occurs when the m  ^ substates of the 11  
protons are aligned parallel within each single particle level to give y ,  which then 
couples to the gg/2 neutron hole to give a total angular momentum of y  =  24 (in 
the configuration 7r[(/5/2)^/2_ 0  (^3/2)2+ (Pi/2) |/2-  (^9/2)25/2+] ^^ [(^ 9/2) ^ - ] ) .
However, this is smaller than the total angular momentum input into the nuclear 
system via the heavy-ion fusion-evaporation reaction (see section 3.4). The effects of 
the ‘extra’ angular momentum may result in core breaking, particle excitation above 
the Z, N=50 band gap or collective excitations. Ultimately the goal of this work 
is to determine to what extent the nuclear shell model can predict experimentally
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observed phenomena in the high spin regime.
Chapter 3
Experim ental Techniques
3.1 The accelerator
The accelerator used to generate the beam for use during this experiment was the 
Extended Stretched Trans-Uranium (ESTU) Tandem van de Graaff at the Wright 
Nuclear Structure Laboratory at Yale University [57, 58, 59]. The accelerator re­
lies on the very basic principles of electrostatics; like charges repel and opposite 
charges attract. Negative ions are injected into the accelerator vacuum tube from 
the high precision ion injector, which are then attracted toward a highly positive 
central potential. The charge on the central terminal is built up and maintained by 
Pelletron chains (chains of alternating metal and nylon links). The chains are posi­
tively charged and as they come into contact with the terminal pulley they attract 
negatively charged electrons from the central terminal, carrying them off leaving a 
positively charged central terminal, which can reach a potential of 2 1  MV. As the 
beam ions pass through the central terminal they encounter a stripper foil which 
removes electrons making them positive. The positive ions are now repelled from 
the central terminal. The two step nature of the acceleration is the origin of the 
name ‘tandem’. The beam is then focused using quadrupole magnets and directed 
to the experimental area using dipole steering magnets.
The beam energy is determined by the charge state of the beam ions after they 
have passed through the stripper foil. The more electrons that are stripped from
37
3.1 The accelerator 38
the beam ions results in a greater repulsion from the positive central terminal. This 
relation is governed by equation (3.1),
Ebeam =  Vt {1 +  Q)e (3.1)
where Vt  is the terminal voltage, Q is the charge state of the beam ion and e is the 
charge on an electron. The layout of the WNSL is shown in Figure 3.1 and a picture 
of the Tandem Van de Graaff accelerator is shown in Figure 3.2.
Figure 3.1: Schematic floorplan of the Wright Nuclear Structure Laboratory showing 
the Tandem Van de Graaff accelerator @ and the location of the experimental setup 
® . Taken from [57].
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Figure 3.2: Picture of the tandem van de Graaff accelerator, taken by author.
3.2 Heavy-ion fusion evaporation reactions 40
3.2 Heavy-ion fusion evaporation reactions
The method of synthesising the nuclei of interest during the presented experimental 
work was heavy-ion fusion evaporation reactions. As the name suggests the reaction 
consists of a fusion of two nuclei with a subsequent evaporation of light particles 
from the compound system. A beam of ionised nuclei produced by an accelerator 
(in this case a Tandem van de Graaff) impacts a metal foil or target. If the impact 
parameter, b, of the reaction is small enough that the nuclei completely overlap (see 
Figure 3.3) and the energy of the beam is large enough to overcome the Coulomb 
repulsion then fusion can occur, forming a compound nucleus in an excited state.
Inelasctic Scattering (Coulex)
Fusion
Elastic (Rutherford) 
Scattering
Deep Inelastie Collison
Figure 3.3: Illustration of different heavy-ion nuclear reactions. Fusion reactions are 
shown, characterised by a small impact parameter, b.
The excitation of the compound nucleus can be described by the following:
^ e x  ' E 'e n , Q f i (3.2)
with Ecn being the kinetic energy of the collision that is taken by the compound and
3.2 Heavy-ion fusion evaporation reactions 41
Qfus being the difference between the binding energy of the beam and target nuclei 
and the resultant compound nucleus {Q = (M{, + Mt — Mcn)(^)- The Ecu can be 
calculated by subtracting the kinetic energy {E = -mu^) of the recoiling compound 
nuclei (Er ) from the kinetic energy of the beam {Eb):
Ecu = Eb — Er  (3.3)
by using conservation of momentum and energy it is possible to obtain an expression 
for Eex in terms of the masses of the beam and target:
^  + Ml,
Due to the high energy of the nuclei in the incoming beam in a heavy-ion fusion 
reaction (to allow the beam nucleus to overcome the Coulomb repulsion) the com­
pound nucleus can be formed with a relatively high excitation energy of ^50  MeV. 
The compound system then loses this ‘excess’ energy in a number of ways. If the 
excitation energy is greater than the particle separation energy {Sp, Sn) (and the 
system does not undergo fission) then particle evaporation can occur {p,n ,a). Due 
to the Coulomb barrier, it is less likely for charged particles (p, a) to be evaporated 
for near-stable compound nuclear systems, resulting in neutron emission being the 
dominant process in these cases. As more particles are evaporated, and the nucleus 
becomes more neutron deficient, charged particle emission can begin to compete and 
ultimately dominate over neutron evaporation. The compound nucleus can also lose 
energy via giant dipole resonance decay (high energy E l 7  rays). As each proton or 
neutron evaporates from the compound nucleus it will usually take MeV and 1 h 
from the system. This makes heavy-ion fusion evaporation an ideal tool for studying 
the high spin states as most of the spin introduced to the system in the reaction is 
still present after particle evaporation in the nucleus of interest.
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3.3 Doppler effect
The nuclei created in the heavy-ion fusion-evaporation reactions will be produced 
with forward velocity, known as recoil velocity. This velocity can be calculated 
simply, to the first order, using classical conservation of linear momentum (c is the 
speed of light in a vacuum and u is the atomic mass unit, lu=931 MeV/c^), such 
that.
mpUp + rritVt = rricVc and Vp =
Therefore, for a beam fusing with a ^^Ge target.
18w • 0.085c 4- 74.U • 0 =  92vc and Up =
rrir
2 60 MeV
18 u
120 c^  
18 ' 931
— 0.085c
(3.5)
(3.6)
(3.7)
where p signifies the beam projectile, t the target, c the compound nucleus and E{, 
the beam energy {Eb=60 MeV). The velocity of the compound is calculated to be 
U c = 0 .0 1 6 c  in this example case. Since the recoil nuclei created in the reaction have 
forward velocity the Doppler effect must be considered.
If a 7 -ray photon is emitted when the compound nucleus from which it originates 
is recoiling the observed energy. Eg, will be Doppler shifted to a value predicted by 
the equation (3.8) [60].
E l = ES-
yi - {v/cy
V
1  cos9
c
( 3 .8 )
where E q is the unshifted energy of the 7  ray. Since (v/c) is small (u/c)^ can be 
ignored resulting in the following simplified equation for systems with a small (v/c).
Eg Rj . 14- -cos6) (3.9)
For a typical 7  ray of 662 keV the Doppler shifted energy observed (with Uc=0.016c) 
would be 670 keV for ^=42.5°, corresponding to the forward angular group in the
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YRAST ball (see section 3.5.3). If the recoil nuclei are travelling at a constant 
velocity during the decay time a simple linear correction can be applied offline to 
the measured 7  ray energy to allow for the Doppler shift. However, if the recoils are 
slowing down during the decay time, for example if the target has a thick backing 
to stop recoils and the high spin nuclear states decays very fast (^ps) Doppler 
broadening will occur. A fraction of the recoils, dependent on the halfflfe of the 
decaying state, will decay in flight. This will result in a distribution of energy 
measured about the unshifted energy (E j) extending to a maximum at the fully 
shifted energy.
3.4 Fusion evaporation cross-section calculations
In order to determine the optimum beam energy for each of the experimental set­
tings, fusion evaporation cross-section calculations were performed. There are a 
number of programs available to carry out these calculations including PACE4 [61, 62] 
and CASCADE [63]. Initial calculations were performed using PACE4 (Projection 
Angular-momentum Coupled Evaporation) which is a code developed to calculate 
fusion evaporation cross-sections as a function of beam energy using Monte-Carlo 
methods. These calculations determined that the maximum yield for produc­
tion is between 60-65 MeV for the ^^Ce(^®0,p3n)^^Y reaction and at ~90 MeV for 
the ^®Ce(^^0,p5n)^®Y reaction. The calculations also output cross-sections for other 
nuclei populated in the defined reaction. The cross-sections as a function of incident 
beam energy from these PACE4 calculations are shown in Figure 3.4.
PACE4 calculates other useful parameters such as the maximum angular momen­
tum and velocity of the compound nucleus. These parameters are shown below in 
Figure 3.5. The PACE4 velocity calculations agree well with the first order calcu­
lations in section 3.3. The maximum angular momentum input into the system is 
important in the study of high spin states as it indicates the maximum spin popu­
lation possible in the nucleus of interest.
It is clear from Figure 3.4 that, according to these calculations, the most favourably
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Figure 3.4: Calculations of fusion-evaporation cross-sections as a function of incident 
beam energy using the PACE4 code [61, 62]. Top panel: beam incident on '^^Ge
target. Bottom panel: ^^0 beam incident on ^®Ge target.
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Figure 3.5: Calculation of (Top panel) Partial cross-sections as a function of angular 
momentum. (Middle panel) Maximum angular momentum as a function of beam 
energy. (Bottom panel) Velocity of the compound nuclei as a fraction of the speed 
of light (v/c).
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populated nucleus is the p3n exit channel. However, for a proton to be evap­
orated from the compound nucleus it would have to tunnel through the Coulomb 
barrier, resulting in proton emission being inhibited compared with neutron emis­
sion. It is more reasonable to assume that the 4n exit channel, rather than the 
p3n exit channel, will dominate. This is in fact the case as can be seen in a previ­
ous study of nuclei in this region [64], with ^®Zr being the most strongly populated 
nucleus for the reaction ^'^Ge(^^0,a:pa;n)^X @ 60 MeV, see Table 3.1.
Exit channel Populated nucleus Relative cross sections 
taken from ref. [64]
PACE4
Calculation
CASCADE
Calculation
an 8?Sr < 2 7 8
a 2 n 86Sr 83 94 65
a3n 85Sr 133 281 184
a4n 84gr 8 <1 7
p2 n 8 9 y 25 7 42
p3n 88y 392 1172 398
p4n 8 7 y 89 81 84
p5n 8 6 y 5
2 n 90Zr 6 <1
3n 89%r 155 104 110
4n 88zr 1000 1000 1000
5n 8?Zr 38 44 149
6 n 86Zr 6
Table 3.1: Experimentally observed relative cross-sections from excitation func­
tion for nuclei in the region of the nuclei of interest using the ^^Ge +  fusion- 
evaporation reaction, taken from [64]. Normalised results from PACE4 and CASCADE 
calculations shown for comparison.
Due to this discrepancy between the excitation function performed in [64] and 
the calculated cross sections produced from PACE4 further cross section calculations 
were performed using CASCADE. For further details on CASCADE see [63].
The results of these calculations can be seen in appendix A in Tables A .l and 
A.2. These results are plotted in Figure 3.6 and show the same trends as the results 
produced from the PACE4 calculations. However, has a smaller cross-section 
than that predicted using PACE4. The excitation function carried out in [64] where
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Figure 3.6: Calculations of fusion-evaporation cross-sections as a function of incident 
beam energy using the CASCADE code [63]. Top panel: beam incident on ^^Ge
target. Bottom panel: ^^0 beam incident on ^®Ge target.
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the cross-section is ~39% of the ^®Zr cross-section (at 60 MeV) which matches
the CASCADE calculation results well, where the cross-section is ~40% of the ®^ Zr 
cross-section (at 60 MeV) see Table 3.1. In comparison the cross-section of ®^ Y as a 
percentage of ^^ Zr predicted by the PACE4 calculations is 117% (at 60 MeV). Due to 
the agreement of the CASCADE calculations with the available excitation function for 
the nuclei under study, it is reasonable to assume these calculations offer a better 
indication of the population of nuclei in the fusion evaporation reaction chosen.
3.5 Experim ental gamma-ray spectroscopy
3.5.1 Gam m a-ray interactions in m atter
To detect gamma-ray photons an indirect detection method must be used. This is 
the case as photons are uncharged and cannot interact electrically with the elec­
trons present in detector materials. The three main processes in which photons 
interact with m atter relevant to gamma-ray spectroscopy are photoelectric absorp­
tion, Compton scattering and pair production.
Photoelectric absorption
Photoelectric absorption or the photoelectric effect is a process in which an incident 
photon interacts directly via a collision with an atomic electron in which its entire 
energy is transfered. This results in the electron being ejected from the atom (called 
a photoelectron) and the photon disappearing. The presence of an ‘absorber’ atom 
is necessary for this process to occur due to energy and momentum conservation, 
therefore photoelectric absorption cannot occur with a free electron. If the incident 
photon has sufficient energy the ejected photoelectron is most likely to originate 
from the K shell i.e. the most tightly bound electrons. The energy of the ejected 
photo electron is governed by the following equation [65].
Eq-  = hv — Eb (3.10)
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where Ei, is the binding energy of the photo electron before ejection, v is the 
frequency of the incident photon and h is Planck’s constant. The photo electron 
leaves the absorber atom ionised with a vacancy in one of its shells. An electron 
will either be captured from the surrounding environment or a rearrangement of 
electrons will occur. As a result, photoelectric absorption is often followed by X-ray 
emission, characteristic of the shell of origin of the photo electron before interaction. 
The probability of interaction is dependent on both the atomic number of the ma­
terial and the energy of the incident photon. This relation is characterised below in 
equation (3.11) [65].
TE'
cTpe ~  constant • (3.11)
where cr^ e is the probability of photoelectric interaction as a function of the 
gamma-ray energy, E^^ and the atomic number {Z) and n varies between 4 and 5. 
Prom this relation it is clear that photoelectric absorption is greatly enhanced for 
detector materials with high Z. The relation between the probability of interaction 
and photon energy can be seen graphically in Figure 3.9.
Com pton Scattering
Compton scattering is a process in which an incident photon interacts with a loosely 
bound atomic electron. During the interaction the photon transfers energy to the 
electron and is deflected from its original path by an angle 9. Since all angles of 
deflection are allowed the photon can transfer a varying amount of energy from zero 
up to a large proportion of the incident energy. A schematic of the process can be 
seen below in Figure 3.5.1.
The energy of the scattered photon is described by the following expression.
hv ' =  T-----------------  (3.12)
moc^
This expression defines a maximum energy transfer from photon to electron when
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Incident Photon 
energy^ hv
Scattered Photon 
energy= hv’
Figure 3.7: Schematic of the Compton Scattering process, modified from [65]. 
a direct collision occurs {6 =  tt, c o s t : =  —1 ).
hphv ' =
1 +
2hv
moc^
(3.13)
This relation results in an important gamma-ray spectroscopy feature called 
the Compton edge. The probability of Compton scattering events depends on the 
number of electrons available in the target material, it is therefore dependent on Z 
and increases linearly with it. The probability of interaction also depends on the 
energy of the incident photon, this relation can be seen in Figure 3.9.
The angular distribution at which Compton scattering occurs is predicted by the 
Klein-Nishina formula for the differential scattering cross section da/dÇl [65].
^  ^  y  2 / ______ 1______
dÜ, \ 1  +  <a(l — cos9)
0^(1 — cosOy
(1  +  cos‘^ 0){l -f 0 /(1  — cosO))
(3.14)
where a  is the energy of the incident photon and tq is the classical electron 
radius (ro =  e^/47reom(f=2.818 [49]). Figure 3.8 below shows the scattering angle
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probabilities for gamma rays of different energies.
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Figure 3.8: Differential cross-section da{9)/dÇl for the production of secondary pho­
tons from Compton scattering. Taken from [6 6 ] reproduced from [49].
Pair Production
Pair production can occur when the energy of an incident photon is above two times 
the rest mass energy of an electron (2x511 keV=1022 keV). However, pair pro­
duction only becomes a probable interaction method at several MeV despite being 
energetically possible at 1022 keV (see Figure 3.9). The interaction process involves 
the gamma-ray photon disappearing with an electron-positron pair appearing in its 
place. Any excess energy above the 1 0 2 2  keV will be carried away by the electron and 
positron in the form of kinetic energy. The positron will subsequently slow down in 
the detector material and annihilate with an electron resulting in two back-to-back 
annihilation photons being emitted.
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Figure 3.9: Probability of various interaction processes as a function of gamma-ray 
energy. Values used for plot obtained from [67].
3.5.2 The D etectors
Gamma-ray spectroscopy requires a detector that can measure the energy and tim­
ing of highly penetrating photons, often in an inhospitable environment with high 
radiation levels. Materials have been developed over many decades to deal with 
these problems. Due to the highly penetrating nature of gamma rays a solid detec­
tor medium is preferable over a gaseous medium as they have far larger densities 
allowing detector dimensions to kept to a minimum. The two main solid detectors 
types include scintillator detectors and semiconductor detectors. The aim of the 
present work is to study high-spin states in various nuclei, this necessitates tha t a 
detector with excellent energy resolution be chosen. Scintillator detectors have poor 
energy resolution relative to semiconductors which makes this detector type unsuit­
able for physics experiments of this nature. Semiconductor detectors, a category to 
which Germanium detectors belong, have very high energy resolution and were the
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detector material of choice for this reason.
S em iconductors
The underlying periodic crystal structure determines the semiconductor nature of 
a material. This structure creates bands of energy within the material in which 
electrons can exist. The electrons within the material are confined to these allowed 
energy bands with energy band-gaps separating them (figure 3.10).
Conduction band
A
Bandgap ~ 1 ev
Valence band
Figure 3.10: Band structure of a typical semiconductor, showing the valence and 
conduction bands and the bandgap [65].
The energy bands of importance to this discussion are the valence hand and 
the conduction band. The valence band represents electrons in the detector material 
that are covalently bonded to specific lattice sites,.they are not free to move through 
the material. Conduction band electrons are free to move through the crystal which 
contributes to the conductivity of the material. These allowed energy bands are 
separated by a band gap. The height of the band gap determines the semiconductor 
nature of the material i.e. if the gap is too large the material will be an insulator. 
The typical energy of the band gap for a semiconductor is of the order of ^1  eV [65]. 
Due to the small size of the band gap in semiconductors thermal excitations across 
the gap can occur. An electron is excited from the valence band into the conduction
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band creating an electron-hole pair. The probability of an electron-hole pair being 
produced due to thermal excitation is described by [65].
p{T) =  CT^/2 ■ exp (3.15)
where T  is the temperature (K), C is a proportionality constant characteristic 
of the semiconductor, Eg is the energy of the band gap and k is the Boltzmann 
constant {k = 8.617 x lOr^ eV/K [49]). This relation shows that a larger band gap 
{Eg) corresponds to a smaller probability of thermally excited e-h pairs and vice- 
versa. This places a rather large limitation on semiconductors as detector material 
as ideally all the e-h pairs created would be due to incident radiation, not thermal 
excitation. However, equation (3.15) also indicates that a decrease in temperature 
will result in the reduction of thermal excitation. For this reason the detector 
material of choice, germanium, is cooled with liquid nitrogen (LN2) to 77 K (- 
196 °C).
As mentioned above, electron-hole pairs are created in semiconductors when ex­
cited. This is the method by which gamma-ray photons are detected in germanium. 
A bias is applied across the Ge crystal which causes the electron and hole to drift 
apart, with the electron drifting in an opposite direction to the field vector and the 
hole behaving as positive point charge drifting in the same direction as the field 
vector [65]. The drift velocity of the electrons and holes is proportional to the ap­
plied electric field at low-to-medium electric field intensities. However, this relation 
saturates at higher field intensities. During operation of a germanium detector the 
applied electric field is sufficiently high ensuring the drift velocity is at its maximum 
(the order of 10  ^ cm/s [65]). The charge of the electron and hole are collected, the 
charge is proportional to the energy deposited in the detector.
3.5.3 T he array
Grouping a number of detectors together is known as an array and is a powerful tool 
in gamma-ray spectroscopy [6 8 , 69]. The Yale Rochester Array for SpecTroscopy
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or the YRAST ball [70] consists of 10 Compton suppressed HPGe clover detectors. 
The detectors are arranged equidistant at 202(10) mm from the centre of the target 
chamber. The detectors are separated into angular groups relative to the beam 
axis; 6 detectors are at ^=90° and 4 detectors are at ^=42.5°, 2 of these are forward 
(downstream) of the target position and 2 are backward (upstream). Each of the 
detectors are encased in a BGO Compton shield (see below in Figure 3.11).
Figure 3.11: Picture of Yale Rochester Array for SpecTroscopy (YRAST) at the 
WNSL at Yale University. The green LN2 dewars are seen connected to the ‘aiitofiH’ 
system. BGO shields are attached to the array structure with the clover detectors 
sitting inside.
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H P G e  clover d e tec to rs
Hyper-Pure Germanium clover detectors [71] are the detector type of choice for 
the current work. Four HPGe crystals are combined in a single cryostat to make 
a clover detector, each of the crystals is referred to as a leaf (four leaved clover). 
There are several advantages to using a segmented detector such as a clover over a 
large single crystal detector. Growing large HPGe crystals is difficult and expensive, 
combining four crystals gives a large detector volume without having to grow large 
crystals. This alleviates the problem of Compton scatter events exiting the crystal 
which can be a problem in small volume detectors. The Compton scatter events 
are also reconstructed by an offiine analysis algorithm called ‘add-back’. This takes 
events that scatter between crystals in a single clover and sum the energies together 
to recover the full photopeak energy. The segmented nature of the detectors also 
reduces the probability that charge will run into a trapping site in the crystal lattice. 
Since the detectors have four crystals they also have four separate sets of electronics, 
this allows for higher count rates to be recorded. The outputs of the detectors are fed 
through a series of electronic modules and finally into the data acquisition system 
for recording (described in subsequent sections).
B G O  d e tec to rs
The HPGe clover detectors are surrounded by inorganic scintillator detectors in the 
form of Bi4Ge3 0 i2 (BGO). The BGO ‘shield’ is used as a Compton suppression veto 
detector that is implemented in the electronics of the HPGe detectors as an antico­
incident condition. Photons that scatter out of the germanium detector medium are 
detected in the BGO shield causing a veto to be placed on the scatter event mea­
sured in the germanium. BGO is an ideal choice for a veto detector as it has high 
density (7.13 g/cm^ [65]) and large atomic number (Z=83 for Bismuth) meaning it 
has a large probability of absorbing photons that scatter from the HPGe detectors.
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3.5.4 T he electronic setup
As previously stated in section 3.5.2 the typical bandgap for a semiconductor mate­
rial is of the order 1 eV. The creation of an electron-hole pair in germanium requires 
~3 eV. Therefore, deposition of 662 keV of energy into the detector (a common 
calibration source ^^^Cs emits a strong 7  ray at 662 keV) will create ^2.2x10^ e-h 
pairs (662 keV/3 eV=2.2xlO^), which is a weak signal. The output of the germa­
nium detectors is initially passed into a pre-amplifier (pre-amp) which converts the 
charge pulse collected in the detector into a voltage. The magnitude of the voltage 
is proportional to the energy deposited in the detector. The output signal from the 
pre-amplifier is split to allow energy and timing information of the 7  rays to be 
investigated separately.
The energy circuit
One of the signals from the pre-amp is passed to a spectroscopy amplifier or spec- 
amp (Ortec 855 dual amplifier) which increases the amplitude of the voltage from 
the mV range to the order of Volts. The gain of the detector is set to cover a range 
of energy suitable for the experiment. For the current work the gain was set to allow 
7 -ray energies of up to ~3.2 MeV to be measured (0.8 keV/ch). The signal is then 
passed to NIM/ECL converter which takes a BNC input (from the spec-amp) and 
outputs to a ribbon cable. The ribbon cable is connected to an Analogue-to-Digital 
Converter (ADC, CAEN V785) which converts the pulse height of the signal (which 
is proportional to the energy deposited in the detector) into a digital signal to be 
recorded by a data acquisition system (DAQ).
The tim ing circuit
The other signal from the pre-amp is passed to a Timing Filter Amplifier (TFA, 
Ortec 863 quad TFA). Similarly to the spec-amp in the energy circuit the TFA 
increases the amplitude of the signal to the order of Volts, however, the TFA has 
a shorter rise time of <10 ns [72]. The pulse is then fed into a Constant Fraction 
Discriminator (CFD, Ortec 935 quad CFD). The aim of the timing circuit is to be
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able to accurately determine the arrival time of a 7 -ray photon into the detector. 
To achieve the level of accuracy necessary, time jitter  (due to small fluctuations 
in the size and shape of the input signal) and time walk (due to the non-constant 
amplitude of the input signals) need to be minimised. There are a number of time 
pick-off methods that can be used to determine the arrival time such as leading edge 
triggering, crossover timing or constant fraction timing [65]. Leading edge triggering 
is only suitable for input signals with a small range of amplitudes otherwise time walk 
inaccuracies become significant. Crossover timing reduces time walk inaccuracies 
but at the expense of an increase in time jitter. Constant fraction timing uses a 
method that reduces the affect of time jitter and time walk which allows for accurate 
determination of arrival time. The input signal is multiplied by a fraction that 
corresponds to the chosen fraction of the full amplitude (normally ^10-20%). The 
original pulse is then inverted, delayed (1 1 0  ns) and summed with the attenuated 
signal. The time at which this new pulse crosses zero is now independent of the 
amplitude of the original pulse and thus provides accurate timing information.
Low energy noise signals are also rejected in the CFD by setting a minimum 
amplitude threshold. The output signal of the CFD is a simple logic pulse. At this 
stage the signals are again split, with one being passed to NIM/ECL converters and 
subsequently to the Time-to-Digital Converters (TDC, CAEN V775) and onto the 
the DAQ. The other signal is fed into a coincidence unit (PS 755 quad four-fold logic 
unit) in order to group the signals from individual leaves into their respective clover 
detectors. The output from the coincidence unit is then passed to a multiplicity 
unit (380A multiplicity logic unit). There are 10 signals input into the multiplicity 
that correspond to the 10 clover detectors which came from 40 input signals into the 
coincidence unit that correspond to the 40 leaves. The output of the multiplicity 
unit is then passed to the master trigger with the condition that a set number of 
different clover units fire. The multiplicity is set to reduce random events tha t do 
not originate from a cascade of 7 -ray transitions. The clover unit multiplicity was 
set to 3 for the current work. This required mutually coincident, independent events 
in at least three of the ten independent clover detectors within a 500 ns time window
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for a valid trigger and an event to be recorded by the DAQ.
BGO C om pton suppression
The signals from the BGO detectors are fed into TFAs for amplification and passed 
onto the common veto on the clover CFDs (via an updating discriminator). Four 
signals, each from a single leaf in a clover detector, are fed into the same quad CFD 
module which has a common veto input. The BGO signal vetoes any photon that 
scatters out of the clover detectors.
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Figure 3 .1 2 : Schematic of the electronic setup for the YRAST ball array detectors 
at WNSL.
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3.6 D ata analysis techniques
The data recorded during the experiment in the DAQ is sorted offline using the 
CSCAN [73] sort code developed at the Wright Nuclear Structure Laboratory. This 
code allows for user defined ID, 2D and 3D spectra to be incremented, using the 
timing and energy information recorded during the experiment. These spectra are 
investigated using the RADWARE [74] suite of programs which include g f  3 (modified 
version called gfSm  was used), ESCL8R and LEVIT8R. The RADWARE suite allows for 
single and double gates to be placed on the spectra to facilitate 7 -ray coincidence 
analysis.
3.6.1 Gam m a-ray coincidence m atrices and cubes
The investigation of coincidence data requires the construction of 2-D and 3-D coinci­
dence spectra, which are referred to as matrices (7 -7 ) and cubes (7 -7 -7 ) respectively. 
Ideally a matrix requires at least two independent 7 -ray events to be in coincidence 
with each other, i.e. originate from the same cascade within a nucleus. The coinci­
dence window, that is set in the electronic timing circuit (see section 3.5.4), requires 
that events considered to be coincident must be detected within ~500 ns of each 
other. Further requirement conditions can be applied offline to restrict the time dif­
ference between events further (see timing in section 4.3.2). Placing a single energy 
gate condition on a matrix results in the projection showing events that are coinci­
dent with the events within the energy gate selected. This is a powerful selection 
technique that has a high likelihood of preferentially selecting coincident transitions 
from the nucleus of interest. However, it is not infallible, as other nuclei populated 
in the fusion-evaporation may also emit 7 -ray transitions with approximately the 
same energy as those from the nucleus of interest. It is also possible that the tail 
from a peak with a similar energy to that selected is included within the energy gate. 
This means that the projection from a single gated energy matrix will likely include 
events that do not originate from the nucleus of interest as selected by a chosen 
energy gate. This likelihood is greatly reduced with the addition of a second energy
3.6 Data analysis techniques 61
coincidence gate, as can be applied to a 3-D (7 -7 -7 ) coincidence cube. The events 
shown in the projection of a double gated 7 -ray energy cube are in coincidence (i.e. 
detected within 500 ns of each other) with the events recorded within the first gate 
and the second gate. The likelihood of contaminant events that are included in 
gate 1 being coincident with contaminant events from gate 2 is very small. This 
improves the likelihood of the events present in the final projection of a double gated 
7 -ray energy cube being from the nucleus of interest, therefore increasing the level 
of selectivity from a single gated matrix.
The logical extension to this argument would be to increment a spectra with 
larger dimensions, such as a hyper-cube (4-D), to increase the selectivity. How­
ever, the statistics are greatly reduced with each dimension added (fewer quadruple 
events than triples) and each gate applied (single gate on 312 keV, intensity of 
1208 keV:double gate on 312 and 214 keV, intensity of 1208 keV=l:0.035), making 
a hyper-cube with triple gating (or higher order spectra) redundant for the current 
study.
3.6.2 D irectional correlation of oriented states
Directional correlation of orientated states or DCO ratio analysis is a technique for 
determining the angular momentum of nuclear states. As previously discussed in 
Section 2.5.4, 7  rays have angular distributions relative to the beam axis. These 
angular distributions can be measured experimentally to obtain information on the 
angular momentum transferred by the 7  ray. However, this requires a large variety of 
different angle detector groups within the detector array to measure a full angular 
distribution. In the case of the current work, coincident techniques are used to 
measure angular correlations between pairs of 7  rays, namely DCO ratio analysis. 
A matrix is constructed with detectors at 90° (to the beam axis) assigned to one axis 
and detectors at 42.5° (to the beam axis) on the other. By gating on transitions with 
known multipolarity and measuring the intensity of the peaks in the projection it is 
possible to distinguish between 7  rays of different multipolarity. By establishing the 
multipole order of a 7 -ray transition it is possible to infer the angular momentum
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of the state which it either populates or depopulates. This technique is a reliable 
method for determining the multipolarity of 7  rays that are stretched and originate 
from above isomers. Transitions tha t occur after an isomer will likely have lost 
the initial alignment imparted during fusion-evaporation necessary for this analysis 
technique.
3.6.3 Linear polarisation
Angular correlation measurements are used to determine the multipole order of 7  
rays but it is not sensitive to the electric or magnetic nature of the radiation. The 
polarisation direction correlation method (PDCO) was proposed [75 , 76] as a method 
to unambiguously identify the nature of measured 7 -ray transitions by differentiating 
between the direction of Compton scatter events from excited nuclear states oriented 
in heavy-ion fusion-evaporation reactions. This is possible as the direction of scatter 
is dependent on the linear polarization. The use of a CLOVER detector [71] as a 
Compton polarimeter [77] makes this method possible.
CLOVER detector CLOVER detector
target
Y rays
beam
Figure 3.13: Illustration demonstrating the scatter of polarized 7  rays within a clover 
detector.
A 7 - 7  matrix is constructed with ‘add-back’ events, i.e. Compton scattered 
events, with one axis comprising events scattered parallel to the beam axis (hor­
izontal) and the other, with no requirement condition (other than only scattered
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events). A second matrix is constructed with events scattered perpendicular to the 
beam axis (vertical) vs an ‘all’ axis with no requirement condition. This construc­
tion allows for an energy gating procedure to be applied to the ‘all’ axis to enhance 
transitions of interest. Measurement of the intensities of the transitions present 
in the projections of these matrices allows a polarization asymmetry term to be 
determined:
^
where N± and TVy are the number of counts measured in the peak scattered parallel 
to the beam axis and perpendicular to the beam axis respectively. The angular mo­
mentum vector of an electric 7 -ray transition is polarized perpendicular to the beam 
axis and a magnetic transition polarized parallel. This results in a transitions with 
a positive asymmetry term being electric in nature and a negative value indicating 
a magnetic transition.
Chapter 4
Experim ental D ata and R esults
The experiments presented in the current work were carried out at the Wright 
Nuclear Structure Laboratory at Yale University. The work was carried out over a 
two week period with beam time from 02/08/2010 to 14/08/2010. The experiment 
was split into two parts; the first part utilised a target with a thick backing and the 
second part used a thin target.
4.1 Calibration
In order to obtain accurate experimental results the detector system was calibrated. 
There are three methods of calibration that are discussed in the present work; energy, 
timing and efficiency.
4.1.1 Energy calibration
The energy calibration was performed by sequentially placing ^^^Eu and ^®Co sources 
at the centre of the YRAST ball detector array. These sources provide a large energy 
range over which an energy calibration can be performed (~120 keV - ^3010 keV). 
An example of a raw ADC spectrum is shown below in Figure 4.1.
The peaks shown in the top panel of Figure 4.1 were fitted using gf 3ni to ascertain 
the centroid of the calibration peaks for each ADC (gf 3in is a WNSL modification of 
gf 3 of the RADWARE suite). A calibration is made using the fitted peak centroid data
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Figure 4.1: Top panel: An example of a raw ADC spectrum from combined ^^^Eu 
and ^®Co source calibration data. Bottom panel: An example of a calibrated leaf 
spectrum from the same calibration data. Peak energies for ^^^Eu and ^®Co are 
noted with the latter begin denoted with a
with source transition energies taken from the Nuclear Data Tables. The bottom 
panel of Figure 4.1 shows a calibrated spectrum of the calibration source data. The 
intense peaks originating from the calibration sources are labelled, with gamma rays 
from ^®Co noted with
4.1.2 T im e calibration
A time calibration was performed by adding a variable delay into the timing elec­
tronics setup. The timing signal from the clover detectors was delayed by a number 
of known time periods. The resulting time spectrum is shown below in Figure 4.2. 
From this spectrum it is possible to calculate the full time range of the TDC as
1.2 fis.
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Figure 4.2: Raw TDC spectrum taken from one leaf, arbitrarily chosen. A number 
of known delays are added to the time circuit to allow time calibration of the TDC.
Efficiency calibration
The efficiency of the detector array is obtained using three calibration sources; ^®^Eu, 
^^^Ba and ^®Co. The efficiency of the whole array and the efficiency of the separate 
angular groups of detectors was measured. The intensity of calibration gamma 
rays is measured by fitting the peaks using gf 3m. The measured intensities are then 
divided by the previously reported intensities for these peaks and a calibration curve 
is fitted to the modified intensity data. Figure 4.3 shows the efficiency calibration 
for the the whole array and angular groups of detectors. The form of the calibration 
curve is shown below in equation (4.3). Eg  is the 7 -ray energy, E l  and E 2  are 
100 keV and 1000 keV respectively. The fit is performed with free parameters (c is 
normally set to zero) with the results of the fit being used in the accurate assignment 
of intensities of gamma rays and in the construction of cubes for coincidence data 
analysis.
e f f { E g )  =  E X P  [ ( ( a  +  hx)  +  +  {d +  e y  +  ( 4 - 1 )
æ =  l o g { E J E l )  (4.2)
y  =  l og { Eg / E2)  (4.3)
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4.2 Add-back
Add-back is a very useful technique used to reconstruct the full energy photopeak 
of 7  rays that scatter from one crystal, or leaf, within a clover detector to another. 
The energy of the scattered events recorded in each leaf is simply summed together 
to produce the full energy photopeak. The power of this technique can be seen in 
Figure 4.4. The top and middle panels of Figure 4.4 show events in which two, and 
only two, gamma rays were observed in separate parallel or perpendicular leaves 
of a clover detector. The bottom panel of Figure 4.4 shows these scattered events 
reconstructed into full energy photopeaks.
4.3 Experim ental data
4.3.1 T im ing
The primary goal of this experimental work is to extend the level scheme in the 
nuclei of interest to higher spin. Previously unreported levels are likely to have 
very short decay times (~ps or less) and to this end the timing properties of the 
experiment play a significant role. The ‘prompt’ events come within a short time of 
the master trigger and are seen as a narrow peak in the TDC spectra. The structure 
of a TDC spectrum is shown below in Figure 4.5.
The labels of ‘prompt’ ‘delayed’ and ‘early’ indicating the different time regions 
of the TDC are labelled as convention dictates but are misleading. The ‘prom pt’ 
region indicates signals from the detectors that come at the same time (or more 
accurately, within a very short time, of ~3 ns) of the master trigger. It would follow 
that these events would originate from very fast decays, above any isomeric states 
that would slow the decay cascade down. A resulting spectra comprised of these 
‘prompt’ events would be dominated by decays occuring above any isomeric states, 
with transitions below such isomers being very weak. It would also follow that the 
‘delayed’ region of the TDC would be dominated by transitions below any isomeric 
states, with fast transitions being weak. However, the master trigger setup used in
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Figure 4.3: Relative efficiencies of the YRAST detector array. Top panel: Whole 
array. Middle panel: 90° detector group. Bottom panel: 42.5° detector group, 
forward and backward of the target chamber.
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Figure 4.4: Add-back spectra for the backed target ^®0-l- '^^Ge @ 60 MeV data: Top 
and Middle panel: Scattered events detected from scatter between two leaves of a 
clover without the add-back routine being applied. Bottom panel: Shows the same 
scattered events after application of add-back routine.
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Figure 4.5: TDC sum spectrum with trigger peaks aligned at ~293 ns (^channel 
1000). The FWHM of the ‘prompt’ peak was fitted in gnuplot. The three sections 
labelled ‘early’, ‘prom pt’ and ‘delayed’ are discussed below in the text. Regions 1-4 
represent visually separate structures in the TDC, the corresponding energy events 
within these regions are shown below in Figure 4.8.
the current work means that the makeup of the events in the ‘prom pt’ and ‘delayed’ 
regions is more subtle. In the timing circuit of the electronics setup the individual 
TDCs acted as the ‘s ta rt’ signal for the data acquisition system, while the master 
trigger acted as a ‘stop’. Without a valid ‘stop’ signal the data are discarded. The 
master trigger was set in triples mode, which required at least three signals to arrive 
within a 500 ns time window for a valid ‘stop’ signal to be generated. The time 
window is opened by the first signal it receives, which will often be a fast decay 
originating above any isomeric state. If the next two signals also originate from 
a fast cascade, the master trigger will generate a valid stop signal, with all three 
events occurring ‘prompt’ with respect to the master trigger (see Figure 4.6a).
However, if the system is triggered by a signal from a 7  ray occurring below 
an isomer, and therefore delayed with respect to those occurring above, there is a 
time difference resulting in the delayed 7  ray being ‘prompt’ with respect to the
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Figure 4.6: Illustration of the timing composition of events in the TDC spectrum.
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trigger in the TDC and the prompt 7  ray (such as one originating above an isomeric 
state) being ‘delayed’ in the TDC. This means that the ‘prom pt’ region of the 
TDC indicates events tha t occur at the same time as the master trigger generates 
the ‘stop’ signal. The ‘delayed’ region of the TDC comprises of events tha t are 
NOT delayed, but are in fact early with respect to the master trigger, the x-axis is 
therefore running from right to left. The ‘early’ region of Figure 4.5 corresponds to 
signals that occur after the third triggering signal, but within the 500 ns coincidence 
window (see Figure 4.7 below). Figure 4.6 shows a summary of the different effects 
of the timing of the incoming signals, showing where the individual events within a 
triples events will be placed in a TDC spectrum.
500 ns
signal 1
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signal 3 
signal 4
’early’ ’prompt’ ’delayed’
’delayed’ w.r.t 
trigger
trigger signal
signal 2 
signal 1signal 4 I signal 3
time
Figure 4.7: Illustration of the effect of a timing signal being received after the master
trigger has fired.
This triggering method makes it difficult to ‘clean’ data using TDC timing re­
quirements to remove unwanted transitions occurring either above or below an iso­
mer, as both will be present in both regions of the TDC spectra. This type of 
‘cleaning’ can be achieved by having an external trigger, such as an RF beam pulse, 
as a start, rather than a stop in the current work. This setup would allow for an 
absolute time to be measured and reliable timing requirements to be set. See Figure 
4.8 for the energy projections from the timing gates (1 through 4) in Figure 4.5.
The time difference between events is a more reliable method of separating 7  rays 
that originate from above and below an isomeric state. A requirement condition can 
be placed on the time difference between events to ensure that they come within a
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in Figure 4.5.
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short time of each other. Figure 4.9 shows the time difference spectra for the backed 
target, Eb=60 MeV, data with time regions labelled. The 3 time regions centred 
around 0  of 60, 1 2 0  and 180 ns were investigated by constructing a symmetrised 7 - 7  
energy matrix with a requirement that the events fall within these time windows. 
The resulting matrices are comprised of events with small time differences (60 ns 
(±30 ns), 120 ns (±60 ns) or 180 ns (±90 ns)). Therefore, gating on a transition 
above a known isomer on one axis results in the projection showing only transitions 
above the isomer (and vice-versa), as transitions below would have a much larger 
time difference.
In the current work the effect of the length of the time difference window was 
determined by gating on the 1057 keV transition in ^^Zr and measuring the peak- 
to-total ratio of the 1082 keV transition in the projection. These transitions form 
an ideal example to study as they are both below the 1.320(25) pLS [12] isomer in 
^®Zr. The measured peak-to-total ratio is approximately constant over the range of 
time differences chosen, however, the statistics are greatly affected (see Table 4.1).
Time difference 
window (ns)
P/T P/T % increase 
from no gate
Number of 
counts (%*)
no gate 0.736 - 1 0 0 .0
60 0.856 16.3 29.4
1 2 0 0.846 14.9 51.3
180 0.827 12.4 61.3
Table 4.1: Table showing the changing peak-to-total ratios and overall statistics 
related to the width of the time difference window. See the top panel of Figure 4.9 
for conditions on time difference spectrum. *% of the number of counts in total 
projection of the ungated 7 - 7  matrix.
Table 4.1 shows there is very little change in the peak-to-total ratio of the 816 keV 
7  ray between the different length time windows, with each showing a similar % 
increase from the projection with no time gate. There is a large change in the 
number of counts ‘surviving’ the time difference cut from 61% (180 ns) to 29% 
(60 ns). For this reason it was decided that the optimum time difference condition 
should be 180 ns (±90 ns).
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The second panel in Figure 4.9 shows the sum of projections from gates on the 
816 and 1022 keV 7  rays from the 180 ns (±90 ns) time-difference gated 7 - 7  matrix. 
The time difference requirement ensures tha t the transitions present originate from 
above the isomeric state (7^=8"^, 1.320(25)^s) in ^^Zr (as 816 and 1 0 2 2  keV are also 
above). The third panel in Figure 4.9 shows the sum of projections from gates on 
1057 and 1083 keV 7  rays, both below the 7^=8'^ isomer in ^^Zr, from the same 
180 ns (±90 ns) time-difference gated 7 - 7  matrix as in panel two. The transitions 
shown in panel three therefore arise from states below the isomer. For a truncated 
^^Zr level scheme showing the levels relevant to this discussion see Figure 4.10. The 
bottom panel in Figure 4.9 shows a prompt minus delayed spectrum, i.e. panel two 
minus panel three. This technique of gating across an isomeric state illustrates the 
effectiveness of placing appropriate timing conditions.
4.3.2 Backed target data: B eam  energy @ 60 M eV
The initial identification of was performed online using the previously reported 
transitions belonging to the nuclei of interest [11, 12]. Subsequent extensive offline 
analysis was performed to confirm the presence of and Y as among the number 
of nuclei populated as a result of the fusion evaporation reactions. Figure 4.11 shows 
the initial identification for 88,89Y
Figure 4.11 shows the total projection of the ungated 7 - 7  matrix produced during 
data sorting. It can be clearly be seen that the most strongly populated nucleus 
via the ^^Ge(^®0,rcpa:n)^X @ 60 MeV fusion evaporation reaction is ®^ Zr. This 
is contrary to the PACE4 calculations outlined in section 3.4 which indicated that 
the p3n exit channel, populating ^^Y, rather than 4n exit channel (^^Zr), would 
be dominant. This observation agrees with an excitation function performed on the 
same reaction in reference [64]. Further fusion evaporation cross-section calculations 
were performed using the code CASCADE [63] after the experimental run tha t agreed 
with these observations (see section 3.4).
The total projection (Figure 4.11) gives an indication of the large number of 
7 -ray transitions observed and hints at the complex task of untangling spectra of
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Figure 4.9: Top panel: time difference spectra constructed from the presented data. 
Shows various time regions used in analysis (see text). The second third and fourth 
panels are projections from the backed target data showing transitions above and 
below the isomer in ^^Zr populated in the current work. Second panel: Sum
of projected spectra generated from energy gates at 816 and 1 0 2 2  keV on 180 ns 
(4:90 ns) time-difference gated 7 - 7  matrix. Third panel: Sum of projected spectra 
generated from energy gates at 1057 and 1083 keV on 180 ns (±90 ns) time-difference 
gated 7 - 7  matrix. Bottom panel: Prompt minus delayed spectrum. 7 -ray emission 
originating above an isomer minus that occuring below (second panel minus third 
panel).
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Figure 4.11: Symmetrised 7 - 7  matrix constructed from data with beam energy 
60 MeV and the backed target.
this type to discover the origin of these gamma rays. The placement of energy 
conditions on 7 - 7  matrices allows an experimenter to investigate the coincidence 
relationship between the gamma rays observed. As further evidence of the presence 
of the nuclei of interest in this data set energy gates are set on gamma rays with 
energies corresponding to previously reported transitions, namely 312 keV for 
and 471 keV for
Figure 4.12 shows the presence of ®^ Y and ®^ Y. The intense lines marked cor­
respond to previously reported 7 -ray transitions for ^^Y and ®^ Y respectively (see 
Figures 1.3 and 1.4 for reference). Other gamma rays present in Figure 4.12 tha t 
are not labelled are due to a number of reasons. Some are known to originate from 
other strongly populated nuclei, for example the 1022 and 1057 keV transitions from 
^^Zr, others are weak transitions in the nuclei of interest and so have not been la­
belled, such as the 1638 keV transition from ®^ Y (top panel) and 456 keV from ®^ Y 
bottom panel.The other unidentified lines may originate from previously unreported 
7 -ray transitions in the nuclei of interest. This is investigated further in the follow­
ing sections of this work. These spectra (figures 4.11 and 4.12) give clear evidence 
that the nuclei of interest, 88.89Y, are populated in the fusion evaporation reaction
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Figure 4.12: Projection of energy gated symmetrised 7 - 7  matrix constructed from 
data using the backed target with beam energy of 60 MeV. Gates set on transitions 
at 312 keV (^^Y) and 471 keV (®^ Y) respectively.
The level schem e o f ^^Y
The presence of ^ ^Y has been established above, the structure now needs to be inves­
tigated via the observation of 7 -ray cascades using coincidence techniques (matrices 
and cubes, all with the 180 ns (±90 ns) time difference requirement). Figure 4.13 
below shows the projection of a symmetrised 7 - 7  matrix gated on 312 keV with 
background subtraction.
The top panel shows almost the full energy range (0-3000 keV) of the projections 
with the middle and bottom panel showing enlarged sections of the full scale. There 
are 1 0  peaks shown (black squares) that correspond to previously reported transi­
tions in ®^ Y from [12], see Figure 1.3. Transitions at energies that are previously 
unreported are shown (black circles), possibly originating from ^^Y. Also present
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Figure 4.13: Projection of symmetrised 180 ns time-difference 7 - 7  matrix gated at 
312 keV, backed target data. Top panel: 0-3000 keV, main peaks originating from 
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are transitions that belong to other nuclei populated during this experimental work, 
which indicates tha t a 312 keV transitions is also present in other nuclei. The main 
contaminant peaks (dotted squares) are seen at 126, 271, 672, 780, 1057, 1083, 
1 2 2 2 , 1289 and 1943 keV, which arise from 7 -ray decay in ^^Zr (271, 1057, 1083 
and 1222 keV), ^^Zr (271, 780, 1289 and 1943 keV), (126 and 1289 keV) and 
^®Zr (672 keV). It is also possible that these transitions originate from previously 
unreported 7 -ray decays in
The peak with a skewed Gaussian shape (skewed towards higher energy) at 
596 keV arises due to inelastic n-n’ scattering events that occur within the Ge 
detector material. Neutrons produced in heavy-ion fusion-evaporation reactions 
inelastically scatter off ^^Ge within the HPGe crystal, with the de-excitation energy 
(596 keV) being detected [78].
By setting a single energy gate on a 7 - 7  matrix as seen in Figure 4.13 it is 
possible to ‘clean’ the ungated spectra as it only projects 7 -ray transitions that are 
coincident with the events present within the gate. However, this has a limited effect 
as it is probable that the other nuclei populated in the heavy-ion fusion-evaporation 
reactions have transitions with the same or similar energies to those belonging to 
®®Y. This is evident in Figure 4.13 as there are transitions present tha t do not 
belong to ®^ Y. To alleviate this problem a double gating procedure applied to a 
7 -7 - 7  cube is used. The probability of another nucleus populated in the reaction 
having two 7 -ray transitions in common with the nuclei of interest is greatly reduced 
from single gating procedure. The double gating further reduces the ‘contaminant’ 
peaks present in the final projection. A 7 -7 - 7  cube with a gate placed at 312 keV 
and various energy second gates is shown in Figure 4.14.
The top panel of Figure 4.14 shows the projection of a double gated 7 -7 - 7  cube 
with gates placed at energies of 312 keV and 214 keV. These gates are chosen as they 
are coincident with all of the previously reported 7  rays from a study of the same 
reaction [24] and are strongly populated. The intensity of the transitions plays 
an important role in the analysis of cube data as the total statistics in the final 
projections is reduced greatly with the increased number of gates. It can clearly
4.3 Experimental data 82
M 200
u  100
On ^
gU 400
cube gated on: 
312keV + 214keV
On
oooVO
G\
t--^ o o  Cv o
cube gated on:
312 keV + mutilple gates _
OVVO
l\r
cube gated on:
multiple gates + mutilple gates '
G\
VOr-
400
300
2 0 0
1 0 0
0
600
500
400
300
2 0 0
1 0 0
0
500 1000 1500 2000 2500
Energy (keV)
Figure 4.14: Analysis of a double gated 7 -7 - 7  coincidence cube for transition in 
The ‘multiple gates’ correspond to gates on 214, 312, 646, 1208 and 1769 keV. Top 
panel: projection of double gates placed on 312 keV and 214 keV. Middle panel: 
Sum of projections where the double gates are placed on 312 keV and the ‘multiple 
gates’ in succession. Bottom panel: Sum of projections where the double gates are 
placed on ‘multiple gates’ and ‘multiple gates’, i.e. projections of 214 with 312, 214 
with 646, 214 with 1208 etc summed.
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be seen that present in this projection there are transitions from (396, 646, 
1208, 1769 keV etc). Also present are many previously unreported 7  rays labelled 
with their respective energies. Whilst other peaks are visible in the spectra, from 
further investigation it is apparent that these likely do not originate from ^®Y. The 
middle panel shows the sum of projections of the same 7 -7 - 7  cube with the primary 
gate at 312 keV and the secondary gates at 214, 312, 646, 1208 and 1769 keV. The 
same peaks are present as in the top panel and as such only the main previously 
reported peaks are labelled. However contaminant peaks, i.e. transitions originating 
from other populated nuclei are present and annotated by a The appearance 
of these ‘contaminant’ peaks is due to the increased likelihood of events from other 
nuclei increasing with number of gates summed in the projection and the large 
intensity of the transitions. The bottom panel shows the sum of projections from all 
combinations of the 214, 312, 646, 1208 and 1769 keV energy gates. The contaminant 
peaks are most prominent in this spectrum. To ensure that a transition identified 
as possibly from Y belongs to this nucleus, more analysis is necessary.
Investigation of the labelled peaks in the top panel of Figure 4.14 was undertaken 
to ascertain the origin of the observed peaks. One of the more prominent unidentified 
peaks in Figure 4.13 is found at 1608 keV.
A gate is placed on the 7 - 7  matrix at an energy of 1608 keV with the resulting 
projection shown in the top panel of Figure 4.15. Clearly present are transitions 
originating from ®^ Y (214, 312, 395, 944 keV) as well as previously reported transi­
tions from other nuclei such as 503 keV from ^^Zr [1 2 ], 2055 keV from ^°Zr [79] and 
1793 keV from ^°Y [79]. The second panel of Figure 4.15 shows the projection of the 
7 - 7  matrix with an energy gate set at 1793 keV, one of the main ‘contaminant’ peaks 
in the top panel. This clearly shows a strong peak at 1611 keV which explains the 
presence of these ‘contaminant’ peaks as well as other known transitions from ®°Y. 
The presence of 214, 312, 395 and 944 keV transitions and the lack of the 1638 keV 
peak (with reference to the previously published level scheme [24], see Figure 1.3) 
indicates that the previously unreported transition of 1608 keV depopulates the 
2312 keV tentative 9""" state that is fed by the 944 keV 7  ray. The confirmation of
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Figure 4.15: Evidence for the placement of the 1608 keV transition using a 7 - 
7  matrix. Top panel: Projection of a single gated symmetrised 7 - 7  matrix with 
energy gate at 1608 keV. Bottom Panel: Projection of a single gated symmetrised 
7 - 7  matrix with energy gate at 1793 keV.
this placement is achieved by investigating the 7 -ray coincident relationships using 
a 7 -7 - 7  cube.
Panel (a) of Figure 4.16 shows the projection of the double gated 7 -7 - 7  cube with 
gates at 1608 keV and 944 keV. Clearly present are 214, 312, 396 and 646 keV, with 
the 646 keV transition being weaker than might be expected. This indicates tha t 
there is some side feeding into the state at Ea,=4178 keV. There is also a lack
of transitions at 1638 and 1769 keV which adds further evidence to the placement of 
the 1608 keV transition as outlined above. Panel (b) is gated on 1608 and 396 keV 
with the expected transitions being present if the 1608 keV is placed as stated 
above. Present are 214, 312, 646, 734 and 944 keV, with no peaks observed in this 
spectrum at 1638 and 1769 keV. Panel (c) shows the sum of projections with double 
gates where the first gate is set at 1608 keV and the second gate is set at 214, 312,
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Figure 4.16: Evidence for the placement of the 1608 keV transition using a 7 -7 - 7  
cube. Projections of the double gated symmetrised 7 -7 - 7  cube with energy gates at
(a) 1608 keV and and 944 keV, (b) 1608 keV and 396 keV, (c) 1608 keV and 214, 
312, 396 and 944 keV, (d) 1608 keV and 1208 keV, (e) 1608 keV and 1769 keV.
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396 and 944 keV in succession. The procedure improves the statistics and makes it 
possible to see the 1208 keV transition, along with the other intense transitions. The 
faint appearance of the 1208 keV transition indicates that there is a weak transition 
between the 7’^ =10+, Ea,=2444 keV and 7^=9+, Ex=‘l ‘àl2 keV states. The energy 
difference between these two states is 131 keV, with a transition of this energy seen 
weakly in panel (c). To add further evidence to the weak coincidence between the 
1608 keV and 1208 keV a double gate is placed at these energies and is shown in panel 
(d). As expected the 396 and 944 keV transitions are not present as they are not 
coincident with the 1208 keV as well as the 1638 and 1769 keV transitions. However 
the 214, 312, 646 and 734 keV are present as well as the 131 keV transition linking 
the 7^=10+, Ex=2AAA keV and 7'^=9'^, Ea,=2312 keV states. Panel (e) shows the 
projection of the double gated 7 -7 - 7  cube with gates set at 1608 keV and 1769 keV. 
There are no transitions belonging to present confirming the lack of coincident 
relationship between the 1608 keV and 1769 keV 7 -ray transitions. The evidence 
shown in Figure 4.16 (a)-(e) gives good support to the placement of the 1608 keV 
as above. This placement does not agree with a recent study published by Xu et 
al. [80] which assigns the 1608 keV transition to populate the 5558 keV level with 
tentative spin/parity 7^=16". The evidence presented to support the placement of 
the 1608 keV in the current work contradicts this placement by Xu et a l [80] and 
offers a more likely placement (see section 4.5).
The previously unreported transition of 327 keV noted in the top panel of Figure 
4.14 also needs to be placed. Figure 4.17 shows the projection of a single gated 
7 - 7  matrix, gated at 327 keV. Present are previously reported transitions from 
the nucleus of interest (at E^=21A, 312, 646, 1208, 1769 keV) along with many 
contaminant peaks, indicated by The origin of these peaks is ®®Zr (strongly 
populated 4n exit channel) which has a 325 keV transition [64], events from which 
will unavoidably be included in the energy gate set to investigate the 327 keV peak. 
Double gating a symmetrised 7 -7 - 7  cube with a time difference requirement of 180 ns 
is used to remove these contaminant peaks. Initially a gate is set on the 327 keV 
peak, with a second being placed sequentially on intense peaks known to originate
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Figure 4.17: Evidence for the placement of the 327 keV transition using a 7 - 7  matrix. 
Single gate at an energy of 327 keV on symmetrised 7 - 7  matrix. * correspond to 
transitions arising from decay in other populated nuclei.
from In this case the second gates used were 1769, 1208, 312, 214, 646 and 
734 keV, the 7  rays from the main cascade (see Figure 1.3). The projections of each 
of these gating procedures show strongly and cleanly transitions known to originate 
from which are shown in Figure 4.18.
Panels (a)-(e) in Figure 4.18 show clear evidence that a 7 -ray with an energy 
of 327 keV is emitted from ®^ Y. Figure 4.18 shows that the 327 keV transition is 
coincident with transitions known to originate from ^®Y at energies of 214, 312, 
396, 646, 1208 and 1769 keV, along with peaks previously unreported to belong to 
the nuclei of interest at energies of 551, 705, 780, 1991 and 2087 keV. Panel (f) in 
Figure 4.18 shows the projection of the double gated 7 -7 - 7  cube with energy gates 
on 327 keV and 734 keV. No 7 -ray transitions belonging to ^^Y are present in this 
projection suggesting that the 327 keV 7  ray is not coincident with the 734 keV 
transition. This indicates that the 327 keV transition belongs to a side branch off 
of the main cascade that feeds into the level scheme at the 4824 keV tentative 14^“  ^
state. Further investigation of the unreported peaks labelled in Figure 4.18 show no 
coincident relationship between the 734 keV transition and these unreported peaks 
(551, 705, 780, 1991 and 2087 keV), indicating that they all belong to the same side
4.3 Experimental data
I
I
u
o\ op
-Jv W W
in
0 \ 00
o\ oo
: A # # #
500 1000 1500
Energy (keV)
Figure 4.18: Evidence for the placement of the 327 keV transition using a 7 -7 - 7  
cube. Projections of the double gated symmetrised 7 -7 - 7  cube with energy gates at 
(a) 327 keV and 1769 keV, (b) 327 keV and 1208 keV, (c) 327 keV and 312 keV, (d) 
327 keV and 214 keV, (e) 327 keV and 646 keV, (f) 327 keV and 734 keV.
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branch. Although small, the presence of the 2087 keV peak in projections (a)-(d) 
suggests that it is coincident with the 1769, 1208, 312, 214 keV transitions, but 
not the 646 keV 7  ray as it is not present in panel (e). The remaining previously 
unreported transitions are present in panel (e). This points to a structure for the 
side branch where the 2087 keV 7  ray feeds the Ex=4:178 keV, state whilst
the either 327, 551, 705, 780 or the 1991 keV transition feeds into the Ea,=4824 keV 
tentative spin 14 state. However, the 327 keV 7  ray and the 2087 keV 7  ray are also 
coincident with each other, meaning a linking transition must exist. W ith further 
investigation of panel (e) it becomes clear tha t the presence of the 551 keV transition 
is due to a coincidence between the ~646 keV and the 551 keV transitions in the 
strongly populated ^^Zr, not The means the 551 keV and 646 keV transitions 
are not in a cascade but 551 keV is still coincident with the 327 keV.
Figure 4.19 shows further projections of cube data with various gates set to 
investigate the structure of this side branch. Panel (a) in Figure 4.19 shows a sum 
of projections of the double gated cube with gates at 2087 keV and 214, 312, 1208 and 
1769 keV. Clearly present are the transitions thought to belong to this side branch 
327, 551, 705 and 780 keV. Panel (b) shows the sum of projections with gates at 
551 keV and 214, 312, 1208 and 1769 keV. The 327, 705 and 2087 keV transitions 
are present along with ‘contaminant’ peaks arising from decay in ^^Zr, with a very 
weak 780 keV transition also being observed. This coincident relationship between 
551 keV and 780 keV is confirmed by the presence of the 551 keV transition in panel 
(f) in Figure 4.19. However, there is no peak present at 1991 keV which means the 
1991 keV transition does not belong to the same cascade to that which joins the 
551 keV with the 214, 312, 1208 and 1769 keV cascade. By placing a double gate 
on the 551 keV and the 1991 keV it becomes clear that these two transitions are 
not in coincidence. Panel (c) shows the sum of the projections of the double gated 
cube with energy gates set on peaks at 327 keV and 214, 312, 1208 and 1769 keV. 
This gate shows strongly the previously reported peaks 214, 312, 396, 646, 1208 
and 1769 keV, along with the previously unreported peaks at 327, 551, 705, 780, 
1991 and 2087 keV. Panel (d) shows the sum of projections with the energy gates
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Figure 4.19: Evidence for the placement of the transition in the side branch using 
a 7 -7 - 7  cube. Projections of the double gated symmetrised 7 -7 - 7  cube with energy 
gates at (a) 2087 keV and 214, 312, 1208 and 1769 keV, (b) 551 keV and 214, 312, 
1208 and 1769 keV, (c) 327 keV and 214, 312, 1208 and 1769 keV, (d) 705 keV and 
214, 312, 1208 and 1769 keV, (e) 1991 keV and 214, 312, 1208 and 1769 keV, (f) 
780 keV and 312 keV.
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set at 705 keV and 214, 312, 1208 and 1769 keV, with the 327, 551, 780, 1991 and 
2087 keV peaks present. Panel (e) in Figure 4.19 shows the sum of projections with 
the gates at 1991 keV and 214, 312, 1208 and 1769 keV. The 327, 705, 780 keV 
peaks are present, with a noted absence of the 551 keV and 2087 keV transitions. 
As stated above in the discussion of panel (b) the 551 keV transition is not in 
coincidence with the 1991 keV transition and this is also the case with the 2087 keV 
and 1991 keV transitions. Panel (f) shows the projection of the energy gated cube 
data with energy gates set at 780 keV and 312 keV. This limited gating was applied 
to yield a clean projection as the 780 keV transition is also an intense 7  ray emitted 
from also populated in the fusion evaporation reactions.
The result of the analysis of the side branch is that the 327 keV is in coincidence 
with the 551, 705, 780, 1991 and 2087 keV unreported transitions as well as the 
previously reported transitions 214, 312, 396, 646, 1208 and 1769 keV, but not with 
the 734 keV 7  ray. The 551 keV and 2087 keV transitions are in a cascade with the 
327, 705 and 780 keV transitions and the 214, 312, 396, 1208 and 1769 keV, but not 
the 1991 keV or the 646 keV peaks. The 1991 keV 7  ray is coincident with the 327, 
705 and 780 keV transitions and the previously reported transitions, including the 
646 keV 7  ray. These relationships indicate tha t the 2087 keV and 551 keV populate 
the 7^=13", Ex=^YI8 keV state in cascade whilst the 1991 keV transition populates 
the Ea;=4824 keV, spin 14 state, with the 327, 705 and 780 keV transitions in a 
cascade with both. The energy differences between the levels aid in the placement 
of these previously unreported levels: 4178 keV+2087 keV+551 keV=6815 keV and 
4824 keV+1991=6815 keV. The placement of these previously unreported transitions 
can be seen in Figure 4.24.
There are other peaks in the top panel of Figure 4.14 that, after thorough inves­
tigation, are thought to arise from decay in These previously unreported peaks 
are at energies of 307, 435, 544 and 575 keV. Figure 4.20 shows projections relating 
the placement of these peaks.
Panel (a)-(e) show the sum of projections where the second gate in each instance 
is set at the energies of the 7  rays in the main cascade, 214, 312, 646, 1208 and
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Figure 4.20: Evidence for the placement of the transition at the top of the previously 
reported main cascade in using 7 -7 - 7  cube analysis, constructed from the backed 
target data. Sum of double gated projections of the symmetrised 7 -7 - 7  cube with 
the second energy gates at 214, 312, 646, 1208 and 1769 keV with the first gate set 
at (a) 734 keV, (b) 435 keV, (c) 544 keV, (d) 575 keV, (e) 307 keV. Inset plots x-axis 
range from 260-360 keV.
4.3 Experimental data 93
1769 keV, in succession. All of the projections show the transitions belonging to the 
main cascade in (see Figure 1.3), at energies of 214, 312, 396, 646, 734, 1208 and 
1769 keV. The first gate, in panel (a), is the 734 keV peak, the 7  ray at the top of 
the previously reported level scheme. Clearly present are the, now familiar, peaks at 
214, 312, 396, 646, 802, 944, 1208 and 1769 keV, alongside the previously unreported 
peaks at 435, 544, 575 keV and, seen in the inset, the 307 keV transitions. Panel
(b) shows the projection with the first gate set at an energy of 435 keV and shows 
the transitions from main cascade as well as the 307 (inset), 544 and 575 keV. Panel
(c) shows the projection generated from setting the first gate at 544 keV. The 307 
(inset), 435 and 575 keV peaks are present alongside the previously reported peaks 
at 214, 312, 396, 646, 734, 1208 and 1769 keV. Panel (d) shows the projection of 
the cube with the first gate set on the 575 keV peak and shows the 307 (inset), 435 
and 544 transitions as well as the transitions from the main cascade. Panel (e) is 
gated on the 307 keV transition with the second gates as above. This projection 
shows much the same as those discussed above, with peaks at 435, 544, 575 keV. 
The evidence in Figure 4.20 indicates tha t these transitions populate the top of the 
previously published level scheme in a cascade, see Figure 4.24.
Two tentatively placed levels for ^^Y in the current work are at excitation energies 
of 9142 and 9614 keV. The two gamma rays depopulating these levels, 2033 keV and 
3081 keV, are seen in the inset plots of Figures 4.21 and 4.22. Projections of the 
energy gates placed on these transitions in the 7 -7 - 7  coincidence cube with second 
gates placed on the 214, 312 and 646 keV transitions are shown in Figure 4.23. Panel 
(a) shows the 2033 keV gate with the 214, 312, 396, 435, 546, 575, 646, 734, 1208, 
1769 keV gamma rays present but not the 307 keV transition. This indicates the 
2033 keV transition feeds directly into the level scheme at the Ea,=7109 keV level. 
Panel (b) shows the projection of the 3081 keV gate with the 214, 312, 396, 435, 
544, 646, 734, 1208, 1769 keV transitions present. The 575 and 307 keV transitions 
are not present in this projection suggesting the 3081 keV gamma ray populates the 
Ea;=6533 keV level (see Figure 4.24).
The previously unpublished 7 -ray transitions observed in this work tha t arise
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Figure 4.21: Projection of 7 - 7  matrix from the backed target data with an energy 
gate set at 312 keV. Inset plots x-axis range from 1800-3500 keV. * indicates gamma- 
ray transitions associated with Y in the current work but not reported by [24].
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Figure 4.22: Projection of 7 -7 - 7  coincidence cube data (backed target) with gates 
set at 312 keV and 214 keV. Inset plots x-axis range from 1800-3500 keV. Energies 
with * correspond to the three peaks in the inset plot.
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Figure 4.23: Projections of 7 -7 - 7  coincidences for the backed target data, (a) Sum 
of gates between 2033 keV and 214 and 312 keV. (b) Sum of gates between 3081 keV 
and 214, 312 and 646 keV.
from the decay of are 307, 327, 435, 544, 551, 575, 705, 780, 1608, 1991, (2033),
2087 and (3081) keV. These previously unpublished 7  rays and levels are assigned 
spin and parity. This will be explained in the sections 4.3.4 and 4.3.5 below detailing 
DCO ratio and linear polarisation measurements respectively.
T h e  level schem e of
The structure of ^^Y is investigated via interrogation of coincidence relationships 
of the gamma rays observed. Similarly to the investigation ®^ Y all of the matrices 
and cubes constructed have a 180 ns (±90 ns) time difference condition applied. 
Figure 4.25 shows the background subtracted projection of the time difference gated, 
symmetrised 7 - 7  matrix with an energy gate set at 471 keV.
The top panel shows almost the full energy range with the prominent gamma rays
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Figure 4.24: Level scheme produced from the backed target data for in the
present work.
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Figure 4.25: Projection of symmetrised 180 ns time-difference 7 - 7  matrix gated 
at 471 keV. Top panel: 0-3000 keV, main peaks originating from indicated. 
Middle panel: 50-1000 keV, with features labelled. Bottom panel: 1000-2050 keV, 
with features labelled.
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attributed to marked with solid black squares. The second and third panels show 
expanded views of the top panel over a range of 50-1000 and 1000-2050 respectively. 
There are a number of previously unreported transitions visible in the spectra shown 
in Figure 4.25 which were further investigated to ascertain their origin. The most 
prominent unreported 7  ray appears at 705 keV.
Panel (a) of Figure 4.26 shows the projection of a single energy gate at an energy 
of 705 keV applied to the time difference gated 7 - 7  matrix. This spectra shows a 
number of transitions that are previously reported to belong to ^^Y, signified by the 
energy in keV. However, there are many transitions present tha t belong to other 
nuclei produced in the fusion evaporation reactions, indicated by This is due 
to 7 -ray transitions at ^705 keV being present in these other nuclei. The majority 
of the contamination in this case arises from decays of ®^ Zr. Panel (b), (c) and (d) 
in Figure 4.26 show projections of double gated 7 -7 - 7  coincidence cube with gates 
set on various transitions. Panel (b) shows a projection of the symmetrised 7 -7 - 7  
cube constructed from the backed target data with energy gates set at 705 keV and 
471 keV. Panel (c) shows a projection of the symmetrised 7 -7 - 7  cube, with energy 
gates set at 705 keV and 344 keV. Panel (d) shows a projection of the symmetrised 
7 -7 - 7  cube, with energy gates set at 705 keV and the sum of multiple gates; 344, 
403, 430, 456, 471, 777, 935, 1106, 1233, 1657 keV. There is a clear improvement 
in the quality of the spectra, such that the vast majority of contaminant peaks are 
no longer present, with the cost begin fewer statistics. These three panels, (b)-(d), 
in Figure 4.26 give very strong evidence that this 705 keV transitions does in fact 
arise from a nuclear state decay in ®^ Y. After investigation it became clear tha t this 
705 keV transitions is in coincidence with the all of the previously reported levels 
shown in Figure 1.4 which indicates that this transition appears at the top of the 
level scheme. Due to the intensity of the transition it is placed above and feeding 
into the 8720 keV (31/2+) level. By following this method the other unknown peaks 
are investigated to ascertain their origin and, if found to belong to ^^Y, their place 
in the level scheme (see figure 4.27).
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Figure 4.26: (a) Projection of symmetrised 180 ns time-difference 7 - 7  matrix gated 
at 705 keV in (b) Projection of symmetrised 7 -7 - 7  cube, with energy gates set 
at 705 keV and 471 keV, (c) Projection of symmetrised 7 -7 - 7  cube, with energy 
gates set at 705 keV and 344 keV, (d) Projection of symmetrised 7 -7 - 7  cube, with 
energy gates set at 705 keV and the sum of multiple gates; 344, 403, 430, 456, 
471, 777, 935, 1106, 1233, 1657 keV. * indicate transitions associated with other 
populated nuclei.
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Figure 4.27: Level scheme produced from the backed target data for in the
present work.
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4.3.3 Thin target data: B eam  energy @ 90 M eV
The initial identification of the nuclei of interest was performed on the thin target 
data during the experimental run to confirm production. The analysis of the data 
was then performed offline to fully investigate. The initial identification of the nuclei 
of interest, 88,89y^  is shown in the total projection of the symmetrised 7 - 7  matrix in 
Figure 4.28.
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Figure 4.28: Symmetrised 7 - 7  matrix with 180 ns time difference condition con­
structed from data with beam energy of 90 MeV and the thin target.
The heavy-ion fusion evaporation reaction used to populate the nuclei of interest 
in the thin target setup was ^®Ge(^^0,a;prcn)^X with a beam energy of 90 MeV. 
As in the case of the backed target data, ^^Zr, in this case the 6 n exit channel, is 
strongly populated. This can clearly be seen in Figure 4.28 with strong peaks at 
272, 503 and 1023 keV. However, unlike the backed target case, this exit channel 
is not entirely dominant with (p4n) also being strongly populated. Another 
significant difference between the total projections of the backed and thin target 
data sets (Figure 4.11 and Figure 4.28) is demonstrated by the lack of prominent 
peaks at 1057 and 1083 keV. These two transitions that appear strongly in the 
backed target data set are comparatively small in the thin target data. This is due 
to the backed target data stopping the recoiling nuclei within sight of the detectors.
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allowing any 7  rays arising from decay from or below isomeric states to be observed. 
However, the experiment with the thin target setup does not stop the recoiling nuclei, 
meaning any 7  rays originating from or below isomeric states in this experiment are 
not observed.
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Figure 4.29: Projection of energy gated symmetrised 7 - 7  matrix constructed from 
data using the thin target with a beam energy of 90 MeV. Gates set on transitions 
at 312 keV and 471 keV, from and respectively.
Further evidence of the presence of the nuclei of interest is shown in Figure 
4.29. The top panel shows the projection of a single energy gate (312 keV) applied 
to the symmetrised 7 - 7  matrix with a 180 ns time difference condition. Seen and 
labelled are peaks known to arise decay of ^ ^Y, confirming its population via the thin 
target setup using the reaction above. The bottom panel of Figure 4.29 shows the 
projection of the same 7 - 7  matrix with an energy gate set on the 471 keV transition 
in ^^Y. Again, the intense peaks previously reported to belong to^^Y  are labelled 
with the respective energies in keV.
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T h e  level schem e of
The population of Y has been determined above. The investigation of the structure 
of any previously unreported levels is discussed here. Much of what is shown for 
the thin target data is similar to the section investigating the structure of ®^ Y for 
the backed target data. An initial look at the data is achieved by taking a closer 
examination of the top panel of Figure 4.29 (see Figure 4.30).
The top panel of Figure 4.30 shows almost the full energy range of the (0- 
3000 keV) of the projection of the single gated energy matrix with the 180 ns time 
difference condition applied (discussed above) with an energy gate set at 312 keV. 
The middle and bottom panels of Figure 4.30 show expanded sections of this pro­
jection with ranges of 50-1150 keV and 1150-2200 keV respectively. As with the 
analysis of the backed target data, the previously reported peaks are labelled with 
solid black squares, with ‘contaminant peaks’ originating from other populated nu­
clei marked with dotted squares. The contaminant peaks marked are observed at 
energies of 127, ^271, 672, 780, 1022, 1057 and 1943 keV. The nuclei contributing 
these peaks are, ^^Zr (127, 272, 672, 1022 and 1057 keV), ^^Zr (271, 780, 1022 and 
1943 keV) and ®^ Y (1023 keV). The black circles represent peaks that are unreported 
and possibly arise from decay of the ^^Y. This analysis follows the analysis of the 
same nucleus using the backed target setup, however, it was done as independently 
as possible from this analysis to avoid prejudicing these results.
The next procedure to undertake in the analysis of this data is to increase the 
dimensionality of the histograms being investigated from 2 (matrices) to 3 (cubes). 
The addition of a second energy gate further cleans the resulting projection by 
ensuring that the resultant peaks are coincident with the events of two energies. 
Figure 4.31 shows the projections of double gated cubes with various energy gates.
The top panel of Figure 4.31 shows the projection of the 7 -7 - 7  cube with energy 
gates set at 312 keV and 214 keV, the two most intense peaks belonging to ®®Y 
which are coincident with all previously reported transitions likely to be populated 
in this reaction. Labelled are the previously reported transitions for ®^ Y along 
with previously unreported 7  rays. Reassuringly the previously reported peaks are
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Figure 4.30: Projection of symmetrised 180 ns time-difference 7 - 7  matrix gated at 
312 keV in thin target data. Top panel: 0-3000 keV, main peaks originating 
from indicated. Middle panel: 50-1150 keV, with features labelled. Bottom 
panel: 1150-2200 keV, with features labelled.
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Figure 4.31: Double gated 7 -7 - 7  cube analysis of from the thin target data. 
The ‘multiple gates’ correspond to gates on 214, 312, 646, 1208 and 1769 keV. Top 
panel: projection of double gates placed on 312 keV and 214 keV. Middle panel: 
Sum of projections where the double gates are placed on 312 keV and the ‘multiple 
gates’ in succession. Bottom panel: Sum of projections where the double gates are 
placed on ‘multiple gates’ and ‘multiple gates’, i.e. projections of 214 with 312, 214 
with 646, 214 with 1208 etc summed.
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familiar from the backed target analysis. The middle panel of Figure 4.31 shows the 
sum of projections with the initial gate set on 312 keV and the second gates set on 
214, 646, 1208 and 1769 keV in succession. The summing together of many cube 
projections increases the statistics which is an important factor in the cube data 
analysis. However, the more projections tha t are summed, the higher the likelihood 
that ‘contaminant peaks’ will appear. The bottom panel of Figure 4.31 shows the 
sum of the projection generated from the double gating of the 214, 312, 646, 1208 
and 1769 keV transitions, with each other. This further increases the statistics, 
whilst also increasing unwanted contamination peaks. All three panels in Figure 
4.31 show peaks that are previously unreported to belong to which need to be 
investigated further by examining their coincident relationships with each other and 
the previously reported transitions. Figure 4.32 shows evidence for the placement 
of one of these transitions, the 1608 keV 7 -ray transition.
The top panel of Figure 4.32 shows the projection of the single gated 7 - 7  matrix 
with an energy gate set on the 1608 keV transition. The first thing tha t is obvious 
in comparison to the projection of the 1608 keV transition in the backed target data 
is the reduction in statistics from an intensity of the 214 keV from 7500(100) to 
2560(50). This is an important factor to take into consideration, as although the 
thin target experimental configuration should populate higher excitation energy and 
spin states the fewer statistics in this data set will make identification of these states 
difficult. This projection shows no evidence of 1638 keV and 1769 keV transitions 
being mutually coincident with the 1608 keV transition. The 396 and 944 keV 
transitions are shown with large intensities along with the 214, 312, 646 and 734 keV 
transitions. The bottom panel of Figure 4.32 shows the sum of projections gated 
on the 1608 keV transition and the 312, 396 and 944 keV transitions in succession. 
This projection shows the same transitions as the top panel, the 214, 312, 396, 646 
and 944 keV transitions. These projections for the thin target data agree with the 
evidence presented for the backed target data. This adds further evidence for the 
placement of the 1608 keV transition in the current work which is contrary with 
that presented by Xu et al [80] (see section 4.5).
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Figure 4.32: Evidence for the placement of the 1608 keV transition using a 7 - 7  
matrix and a 7 -7 - 7  cube.. Top panel: Projection of a single gated symmetrised 
7 - 7  matrix with energy gate at 1608 keV. Bottom Panel: Sum of projections of a 
double gated symmetrised 7 -7 - 7  cube with energy gates at 1608 keV and 312, 396 
and 944 keV in succession.
Figure 4.33 shows the projection of the 7 - 7  matrix constructed from the thin 
target data gated on the 327 keV transition. Previously reported transitions arising 
from are labelled with their respective energies and transitions arising from other 
populated nuclei are labelled with asterisks. The main contaminant transitions in 
this spectrum are due to decay in ^®Zr, but have smaller relative intensities to those 
in the backed target data (see Figure 4.17). Applying a double energy gate to a 
7 -7 - 7  coincidence cube will remove these contaminant transitions (see Figure 4.34).
Figure 4.34 shows the evidence for the placement of the 327 keV transition 
and the other side branch transitions (551, 705, 780, 1991 and 2087 keV) in the 
current work for the thin target data. Panel (a) shows the of projection of the 7 -7 - 7
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Figure 4.33: Evidence for the placement of the 327 keV transition using a 7 - 7  matrix 
for the thin target data. Single gate at an energy of 327 keV on symmetrised 7 - 7  
matrix. * correspond to transitions arising from decay in other populated nuclei.
coincidence cube with energy gates set on the 312 keV and 327 keV transitions. 
Present are the 551, 705, 780, 1991 and 2087 keV transitions. Panels (b), (c) and
(d) show the projections of the coincidence cube gated on the 312 and 705 keV 
transitions, the 312 and 780 keV transitions and the 312 and 1991 keV respectively. 
Panel (e) shows the sum of projections of the 7 -7 - 7  coincidence cube with gates set 
on 551 keV and 214, 312, 1208 and 1769 keV in succession. Panel (f) shows the 
projection of the coincidence cube with energy gates set on the 327 keV and 705 keV 
transitions. The evidence presented Figure 4.34 is consistent with tha t presented 
for the backed target data.
Other transitions identified in the thin target data to belong to shown in 
Figure 4.31 have energies of 307, 435, 544 and 575 keV. Figure 4.35 shows the spectra 
used in the placement of these previously unreported transitions.
Figure 4.35 shows the sum of projections of the 7 -7 - 7  coincidence cube which 
have primary gates set at energies of 734, 435, 544, 575 and 307 keV respectively. 
The second gates in each projection are set at 214, 312, 646, 1208 and 1769 keV in 
succession. Each projection shows the previously unreported peaks of 307, 435, 544 
and 575 keV (unless it is the energy gate) alongside the previously reported peaks 
of 214, 312, 396, 646, 1208 and 1769 keV. This evidence further supports tha t put
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Figure 4.34: Evidence for the placement of the transition in the side branch in 
using a 7 -7 - 7  cube, thin target data. Projections of the double gated symmetrised 
7 -7 - 7  cube with energy gates at (a) 312 keV and 327 keV, (b) 312 keV and 705 keV, 
(c) 312 keV and 780 keV, (d) 312 keV and 1991 keV, (e) 551 keV and 214, 312, 1208 
and 1769 keV, (f) 327 keV and 705 keV.
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Figure 4.35: Evidence for the placement of the transition at the top of the previously 
reported main cascade in using a 7 -7 - 7  cube constructed from the thin target 
data. Sum of double gated projections of the symmetrised 7 -7 - 7  cube with the 
second energy gates at 214, 312, 646, 1208 and 1769 keV with the first gate set at 
(a) 734 keV, (b) 435 keV, (c) 544 keV, (d) 575 keV, (e) 307 keV. Inset plots x-axis 
range from 260-360 keV.
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forward for the backed target data in the current work and places these previously 
unreported transitions at the top of previously reported level scheme [1 2 ].
The two tentative 7  rays observed in the backed target analysis are seen in the 
thin target data. Figures 4.36 and 4.37 show the initial identification of the 2033 keV 
and 3081 keV in the thin target data. Figure 4.38 shows the sum of projections of 
the 7 -7 - 7  coincidence cube with gates set at (a) 2033 keV and 214 and 312 keV and 
(b) 3081 keV and 214, 312 and 646 keV (b). Panel (a) shows the 214, 312, 396, 
435, 546, 575, 646, 734, 1208, 1769 keV gamma rays but not the 307 keV transition. 
This is consistent with the backed target data analysis and suggests the 2033 keV 
transition feeds the Ex=7109 keV level. Panel (b) shows the 214, 312, 396, 435, 
546, 646, 734, 1208, 1760 keV transitions without the 575 and 307 keV transitions. 
This indicates tha t the 3081 keV gamma ray populates the Ex=Q533 keV level (see 
Figure 4.39).
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Figure 4.36: Projection of 7 - 7  matrix from the thin target data with an energy gate 
set at 312 keV. Inset plots x-axis range from 1800-3500 keV. * indicates gamma-ray 
transitions associated with in the current work that are not reported by [24].
The experimental level scheme determined through the analysis of the thin target 
data in the present work is shown in Figure 4.39. This level scheme is consistent 
with that determined from the backed target data (see Figure 4.24), with the only 
difference being the intensities of the transitions (see Tables 4.3 and 4.5).
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Figure 4.37: Projection of 7 -7 - 7  coincidence cube data (thin target) with gates set 
at 312 keV and 214 keV. Inset plots x-axis range from 1800-3500 keV. Energies with 
* correspond to the three peaks in the inset plot.
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Figure 4.38: Projections of 7 -7 - 7  coincidences for the thin target data, (a) Sum of 
gates between 2033 keV and 214 and 312 keV. (b) Sum of gates between 3081 keV 
and 214, 312 and 646 keV.
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Figure 4.39: Level scheme produced from the thin target data for in the present
work.
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The level schem e of Y
The presence of in the thin target data has been established in Figure 4.29. The 
structure of ^^ Y has been investigated with results presented in this section. Figure
4.40 shows the projection of the 180 ns (±90 ns) time difference gated 7 - 7  matrix 
with an energy gate set on the 471 keV transition arising from decay in ^^ Y.
The top panel of Figure 4.40 shows almost the full energy range of the projection 
of the 471 keV gate. The prominent 7  rays observed arising for decay in ®^ Y are 
marked with solid black squares and the previously unreported transitions possibly 
due to decay in ®^Y are marked by solid black circles. The middle and bottom panels 
of Figure 4.40 show the same projection over the ranges of 50-1000 keV and 1000- 
2050 keV respectively. These zoomed projections show the previously unreported 
transitions in greater detail with the most prominent of these being observed at 
705 keV (similarly to the backed target data). The origin of the 705 keV transition 
was investigated and is shown in Figure 4.41.
Figure 4.41 shows the projections of the various gates used to ascertain the origin 
of the 705 keV transition. Panel (a) of Figure 4.41 shows the projection of the single 
gated 7 - 7  matrix with an energy gate set on the 705 keV transition. Present are 
transitions previously reported as arising from ®^ Y (344, 403, 456, 471, 777, 1106, 
1239, 1657 and 1984 keV) as well as a large number of transitions arising from other 
nuclei populated in the fusion evaporation reactions. Panels (b) and (c) of Figure
4.41 show the projections of the double gated 7 -7 - 7  coincidence cubes with one 
energy gate set on the 705 keV transition and the other gate set on the 471 keV 
and 344 keV transitions respectively. Panel (d) shows the sum of projections of the 
7 -7 - 7  coincidence cube between the 705 keV transition and the 344, 403, 430, 456, 
471, 777, 935, 1106, 1233 and 1657 keV in succession. Panels (b), (c) and (d) show a 
large number of transitions previously reported to belong to strongly indicating 
the 705 keV also arises from decay in Y. Similarly to the backed target data the 
previously unreported transition is placed at the top of the published level scheme 
populating the 8720 keV (31/2+) state. The level scheme determined in the current 
work for the thin target data is presented in Figure 4.42. This level scheme agrees
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Figure 4.40: Projection of symmetrised 180 ns time-difference 7 - 7  matrix gated on 
the 471 keV in for the thin target data. Top panel: 0-3000 keV, main peaks 
originating from indicated. Middle panel: 50-1000 keV, with features labelled. 
Bottom panel: 1000-2050 keV, with features labelled.
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Figure 4.41: Thin target data, (a) Projection of symmetrised 180 ns time-difference 
7 - 7  matrix gated at 705 keV in (b) Projection of symmetrised 7 -7 - 7  cube, with 
energy gates set at 705 keV and 471 keV, (c) Projection of symmetrised 7 -7 - 7  cube, 
with energy gates set at 705 keV and 344 keV, (d) Projection of symmetrised 7 -7 - 7  
cube, with energy gates set at 705 keV and the sum of multiple gates; 344, 403, 
430, 456, 471, 777, 935, 1106, 1233, 1657 keV. See Figure 1.4 for reference to level 
scheme. * indicate transitions associated with other populated nuclei.
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with that determined from the backed target data with the only difference being the 
intensities of the transitions due to the different feeding of the thin data (high-spin 
input data) and the backed target data (lower-spin input data).
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Figure 4.42; Level scheme produced from the thin target data for in the present
work.
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4.3 .4  DCO m easurem ents
As previously stated in section 3.6.2 the analysis of angular correlations is achieved 
via DCO ratios. The experimental data is sorted into matrices where the axes 
correspond to separate angular groups of detectors of the YRAST array. The angular 
groups within the array are 90°, 42.5° and 137.5°, with 42.5° and 137.5° grouped 
into a forward-backward group (42.5° —^ forward and 137.5° =  180° — 42.5° 
backward), which from this point on will be noted as 42.5°. The measured DCO 
ratio for a 7 -ray transition is then:
_  7(42.5°) gated at 90° ^7(90°) gated at 42.5° . .
"  6g(90°).ep(42.5°)  ^ Cg(42.5'').€p(90°)  ^ ^
7(42.5°) gated at 90° • Cg(42.5°) • 6^(90°) 
7(90°) gated at 42.5° • Cg(90°) • 6^(42.5°)
(4.5)
where 7 is the intensity of (number of counts within) a peak originating from de­
tectors in the separate angular groups, Cg is the relative efficiency of the detectors 
from an angular group at the energy of the gate and Cp is the relative efficiency of 
the detectors from an angular group at the energy of the measured transition in the 
projection.
It is often possible to see a marked difference in the intensity of a peak from one 
angular group to another, which illustrates the effectiveness of angular correlations 
as a powerful nuclear spectroscopic technique. Figure 4.43 below shows a clear 
difference between transitions with L=1 and L=2. The energy gate for both the 
top and bottom panels is set at 1022 keV (E2 transition from ^^Zr [12]), where 
the top panel is gated on the 90° detectors (projection on 42.5°) and the bottom 
panel vice versa. The relative intensity of the 816 keV, E2 transition stays almost 
constant in both projections, as expected, with the small change due to the different 
efficiency of the separate detector groups. However, the two M l transitions at 721 
and 288 keV show a large difference in relative intensity between the two projections. 
The two L=1 transitions are more intense when observed in the 90° detectors which 
is consistent with theory outlined in section 3.6.2.
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Figure 4.43: Comparison of the different order multipole transitions when perform­
ing DCO analysis. Top panel: Projection of the 42.5° axis of the angular correlation 
matrix, gated on 1022 keV peak. Bottom panel: Projection of the 90° axis of the 
angular correlation matrix, gated on 1 0 2 2  keV peak.
This example seen in Figure 4.43 illustrates visually the difference between tran­
sitions with differing multipolarity. However, the difference is often more subtle than 
that of Figure 4.43. Below are the matrix projections used in the determination of 
the DCO ratios and therefore the multipolarities of the transitions observed in this 
work. The peak areas of the transitions are determined by summing the number of 
counts within a peak and subtracting a background. This procedure is performed 
several times for each peak with the average number of counts taken with an error 
in this number. This number is then corrected for the efficiency of each detector 
group (as in equation 4.5). The measured DCO ratios are displayed in Tables 4.3, 
4.4, 4.5 and 4.6. Typical values for DCO ratios are: gate L=2 —> R ^co "^0 6  and 
R^2& gate L=1 -> R ^co and R^^o ^1-67.
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Backed target data
The projections of angular correlation matrices constructed by sorting the data 
collected during the ‘backed target’ experiment are shown below.
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Figure 4.44: Matrix projections used in DCO analysis, with energy gate on 1769 keV 
in for the backed target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 1769 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 1769 keV 
transition on the 42.5 ° axis.
Figure 4.44 shows the projection of the angular correlation matrix with the 
energy gate set to an energy of 1769 keV. This transition is previously reported to 
be an L=2 transition, meaning that any L=2 transitions that are coincident with 
1769 keV will appear unchanged (ignoring the difference due to the efficiency). Any 
L=1 transition will be seen with a larger intensity in the projection on the 90° axis 
(bottom panel) compared to the projection on the 42.5° axis (top panel). This can 
be seen in this Figure with an increase in intensity of the 214, 312, 646 and 1208 keV 
transitions in the bottom panel which are previously reported to be L=1 transitions.
4.3 Experimental data 122
The DCO ratios obtained from this Figure are are presented in Table 4.3. 
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Figure 4.45: Matrix projections used in DCO analysis, with energy gate on 1208 keV 
in for the backed target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 1208 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 1208 keV 
transition on the 42.5 ° axis.
Figure 4.45 shows the projections of the angular correlation matrix gated at 
1208 keV. The 1208 keV transition is previously reported to be L=1 resulting in 
any L=1 transition being similar intensity in both the 90° and 42.5° projections 
giving a DCO ratio of ~1. Any L= 2  transitions will be seen as more intense in 
the 42.5° projection (top panel). At first glance it appears that the majority of the 
peaks (excluding 1769 keV) are more intense in the 90° projection. However, this 
is not that case as a number of the peaks have ‘split’ due to the Doppler effect. 
This is best seen occuring to the 646 keV transition in the the top panel, which is a 
projection on the 42.5° axis. If a state has is very short lived it has the possibility of 
decaying in-flight, before it has fully stopped in the target. This forward velocity of 
the recoil nucleus will alter the energy observed in the detectors by either increasing
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it (forward detectors) or decreasing it (backward detectors). In the counting of the 
statistics of such a peak all the events within these split peaks must be accounted 
for. The DCO ratios measured from these projections can also be seen in Table 4.3.
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Figure 4.46: Matrix projections used in DCO analysis, with energy gate on 312 keV 
in for the backed target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 312 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 312 keV 
transition on the 42.5 ° axis.
Figure 4.46 shows the angular correlation matrix projections with an energy gate 
set at 312 keV. The previous two gates set were chosen due to the mutlipole order 
being pure, with the 1769 keV being an F2 transition and the 1208 keV being and 
F I transition. The 312 keV gate is previously reported to be a A /= l  transition, 
meaning it could have a non-negligible mixing ratio making the transition M 1/F2. 
However, the previous gates show the 312 keV to be almost purely M l with a DCO 
ratio of 0.53(3) for the A I= 2  gate and 0.99(6) for the A /= l  gate. This make the 
312 keV transition an appropriate gate for DCO analysis. A similar splitting of 
some peaks is seen in Figure 4.46 as in Figure 4.45. The extracted DCO ratios are
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presented in Table 4.3.
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Figure 4.47: Matrix projections used in DCO analysis, with energy gate on 1106 keV 
in for the backed target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 1106 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 1106 keV 
transition on the 42.5 ° axis.
Figure 4.47 shows the projections of the energy gated angular correlation matrix 
with a gate at 1106 keV (L=2). The transitions labelled in Figure 4.47 are more 
intense in the in the 90° projection than the 42.5° projection indicating tha t they 
are L= 1  transitions, which is confirmed by measurement of the DCO ratios (see 
Table 4.4).
Figure 4.48 shows the projections of the 471 keV gate on the angular correlation 
matrix, which is an L=1 gate. Visually, it is clear that the majority of the peaks 
are multipole order L=1 due to the lack of change of intensity between the 90° and 
42.5° projections. However, there are two peaks that do obviously appear different 
relative to the other peaks, namely the 1106 keV and 1984 keV. This agrees with the
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Figure 4.48: Matrix projections used in DCO analysis, with energy gate on 471 keV 
in for the backed target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 471 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 471 keV 
transition on the 42.5 ° axis.
previously reported L= 2  assignment of these two transitions. The extracted DCO 
ratios of the peaks present in these projections are presented in Table 4.4.
Figure 4.49 shows the projections of the angular correlation matrix with an 
energy gate set at 344 keV. Similarly to the 312 keV gate seen in Figure 4.46 the 
344 keV is reported to be a M l transition [1 1 ], however it is appropriate to use 
this transition as a gate for the same reasons as above with a DCO ratio of 0.55(6) 
for the L=2 gate and 0.90(6) for the L=1 gate. The 344 keV gate is contaminated 
with peaks from ^^Zr which make measurement of the DCO ratios slightly harder 
due to overlapping peaks. However, the results obtained agree well with previously 
reported results and the other DCO ratios measured using the different energy gates 
(see Table 4.4).
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Figure 4.49: Matrix projections used in DCO analysis, with energy gate on 344 keV 
in for the backed target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 344 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 344 keV 
transition on the 42.5 ° axis.
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Thin target data
The projections of the angular correlation matrices used to measure the DCO ratios 
of both the previously reported and previously unreported 7 -ray transitions observed 
in the thin target experiment are shown below.
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Figure 4.50: Matrix projections used in DCO analysis, with energy gate on 1769 keV 
in for the thin target data. Top panel: Projection of the 42.5° axis of the angular 
correlation matrix, gated on 1769 keV transition on the 90° axis. Bottom panel: 
Projection of the 90° axis of the angular correlation matrix, gated on 1769 keV 
transition on the 42.5 ° axis.
Figure 4.50 shows the projection of the angular correlation matrix with an energy 
gate set on 1769 keV, an L= 2  transition. As with Figure 4.44 all of the peaks labelled 
are more intense in the 90° projection (bottom panel) indicating that these are L=1 
transitions. This agrees well with previously reported multipolarities as well as the 
DCO ratios obtained from the backed target data. For the measured DCO ratios 
from this Figure, see Table 4.5.
Figure 4.51 shows the projection of the energy gated angular correlation matrix
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Figure 4.51: Matrix projections used in DCO analysis, with energy gate on 1208 keV 
in for the thin target data. Top panel: Projection of the 42.5° axis of the angular 
correlation matrix, gated on 1208 keV transition on the 90° axis. Bottom panel: 
Projection of the 90° axis of the angular correlation matrix, gated on 1208 keV 
transition on the 42.5° axis.
with the gate set on the 1208 keV transition. This is an L= 1  transition which results 
in L= 1  transitions having the same intensity in both the projections giving a DCO 
ratio of ~1. In the backed target experiment the projection of this gate yielded 
peaks that were split resulting in a more difficult determination of the intensity of 
the peaks. However, in this experiment a thin target was used, resulting in the 
recoil nuclei not being stopped in the target. The 7  rays detected are emitted from 
nuclei that are moving and therefore are detected at Doppler shifted energies. This 
is corrected for in the sorting of the thin target data which results in no splitting 
of the peaks in the DCO analysis of the thin target data. The results obtained 
from this analysis confirm the previously reported data and agree with the results 
obtained from the backed target analysis. See Table 4.5 for the results.
Figure 4.52 shows the projection of the angular correlation m atrix gated at an
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Figure 4.52: Matrix projections used in DCO analysis, with energy gate on 312 keV 
in for the thin target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 312 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 312 keV 
transition on the 42.5 ° axis.
energy of 312 keV (L =l). It is clear from this Figure that all of the peaks, excluding 
the 1769 keV transition, have multipole order L=1 indicated by the peaks having 
the same intensity in both the 90° and 42.5° projections. The DCO ratios expected 
for an L=1 gate for L=1 transitions is ~1 and for L=2 transitions is ~1.67. The 
results presented in Table 4.5 show a good agreement to the results obtained from 
the backed target data and with previously reported
Figure 4.53 shows the projection of the angular correlation matrix gated on the 
1106 keV transition arising from decay in ^®Y. There appears to be little difference in 
intensity between the 90° and 42.5° projections, contrary to that seen in the backed 
target data for this energy gate. However, measurement of the DCO ratios of these 
peaks show good agreement with the previously reported data and the backed target 
results (see Table 4.6).
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Figure 4.53: Matrix projections used in DCO analysis, with energy gate on 1106 keV 
in for the thin target data. Top panel: Projection of the 42.5° axis of the angular 
correlation matrix, gated on 1106 keV transition on the 90° axis. Bottom panel: 
Projection of the 90° axis of the angular correlation matrix, gated on 1106 keV 
transition on the 42.5 ° axis.
Figure 4.54 shows the angular correlation matrix projections gated on the L=1 
471 keV transition. The majority of the peaks shown in these projections exhibit 
the same intensity in both the 90° and 42.5° projections which suggests tha t they 
are L=1 transitions. This is confirmed by measuring the intensity and calculating 
the DCO ratios. Results of these measurements are presented in Table 4.6.
Figure 4.55 shows the projection of the energy gated angular correlation matrix 
where the energy gate is set on the 344 keV, L = l, transition. In comparison to 
the corresponding gate applied to the backed target angular correlation data, there 
are fewer ‘contaminant’ peaks arising from other nuclei populated in the fusion 
evaporation reactions. The peak areas are measured and the DCO ratios extracted
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Figure 4.54; Matrix projections used in DCO analysis, with energy gate on 471 keV 
in for the thin target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 471 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 471 keV 
transition on the 42.5 ° axis.
and are summarised in Table 4.6.
The results obtained from the analysis of the angular correlations of the 7  rays 
detected are an important piece of the puzzle when constructing a level scheme. The 
DCO ratios and therefore multipolarities of the observed transitions allow for angular 
momentum assignments for the previously unreported levels and confirmation of the 
previously published assignments.
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Figure 4.55: Matrix projections used in DCO analysis, with energy gate on 344 keV 
in for the thin target data. Top panel: Projection of the 42.5° axis of the 
angular correlation matrix, gated on 344 keV transition on the 90° axis. Bottom 
panel: Projection of the 90° axis of the angular correlation matrix, gated on 344 keV 
transition on the 42.5 ° axis.
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4.3.5 Linear polarisation m easurem ents
As previously discussed in section 3.6.3, measurement of the linear polarisation of 
observed 7  rays allows for the determination of the nature of the 7  rays. Combining 
this with the knowledge of the multipolarities of the transitions obtained from mea­
surement of the DCO ratios it is possible to unambiguously determine the spin and 
parity of previously unreported states. There are a number of limitations associated 
with the measurement of linear polarisations that will be discussed briefly here.
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Figure 4.56: Ungated projection of Compton scatter events for the backed target 
data.
These measurements rely upon detecting 7  rays that scatter from one crystal 
within a clover detector to another crystal within the same clover detector, either 
parallel or perpendicular to the first. The probability of a Compton scattering event 
occuring (discussed in section 3.5.1) is dependent on the energy of the incident 
photon, and only becomes the most probable interaction process above ~300 keV. 
At higher energies of above '^1000 keV pair production begins to compete, see
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section 3.5.1 and Figure 3.9. This gives an energy range at which effective linear 
polarisation measurement can be made of ~300-1500 keV.
Another factor to consider are the available statistics. The difference in intensity 
between parallel and perpendicular scattering events is of the order of a few percent. 
If the number of counts within a peak is small then the error in the count will likely 
be more than the few percentage difference. This would result in the error of the 
asymmetry being bigger than the asymmetry (A) itself, rendering it useless (see 
equation 3.16). Table 4.2 shows some rough numbers to illustrate the difficulty 
measuring the asymmetry with a lack of statistics.
Table 4.2: Example of linear polarisation limits due to statistics
Counts Error Counts Error A error
1 0 0 10 105 10.25 -0 .0 2 0.328
1 0 0 0 3T62 1050 32.4 -0 .0 2 0.178
1 0 0 0 0 1 0 0 10500 102.47 -0 .0 2 0.099
1 0 0 0 0 0 316.23 105000 324.04 -0 .0 2 0.056
1 0 0 0 0 0 0 1 0 0 0 1050000 1024.7 -0 .0 2 0.031
1 0 0 0 0 0 0 0 3162.28 10500000 3240.37 -0 .0 2 0.018
1 0 0 0 0 0 0 0 0 1 0 0 0 0 105000000 10246.95 -0 .0 2 0 .0 1 0
1 0 0 0 0 0 0 0 0 0 31622.78 1050000000 32403.7 -0 .0 2 0.006
1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 10500000000 102469.51 -0 .0 2 0.003
1 0 0 10 95 9.75 0.03 0.336
1 0 0 0 3L62 950 30.82 0.03 0T83
1 0 0 0 0 1 0 0 9500 97.47 0.03 0 .1 0 2
1 0 0 0 0 0 316.23 95000 30&22 0.03 0.057
1 0 0 0 0 0 0 1 0 0 0 950000 974.68 0.03 0.032
1 0 0 0 0 0 0 0 3162.28 9500000 3082.21 0.03 0.018
1 0 0 0 0 0 0 0 0 1 0 0 0 0 95000000 9746.79 0.03 0 .0 1 0
1 0 0 0 0 0 0 0 0 0 31622.78 950000000 30822.07 0.03 0.006
1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 9500000000 97467.94 0.03 0.003
The first column indicates the counts within a peak seen in the perpendicular 
projection. The third column corresponds to the counts within the same peak in 
the parallel projection and is either 5% larger or smaller than the first column. The 
errors quoted in the second and fourth columns are simply the square root of the 
number of counts. The fifth column is the asymmetry between the counts as calcu­
lated in equation 3.16 and the sixth column is the error in the asymmetry calculated
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using standard propagation of errors. The top section of the Table corresponds to 
magnetic transitions (negative A) and the bottom section corresponds to electric 
transitions (positive A). The asymmetry term does not become useful until ~10^ 
counts when it is larger than the error.
The typical number of counts measured in the peaks present in the projections 
of the linear polarisation matrices is '^100-3000, this is far below the rough limit 
discussed above. As a result of statistics it has not been possible to measure any 
asymmetry terms and therefore determine the nature of the transitions observed in 
this work.
Below are a number of projections of the linear polarisations matrices investi­
gated in the course of this work, and are in place as an example of the statistics 
achieved, see Figures 4.57, 4.58, 4.60 and 4.61. Figures 4.59 and 4.62 show the 
perpendicular minus parallel scattered events for the backed and thin target data 
respectively. These difference spectra show no peaks, illustrating the insufficient 
statistics collected for linear polarisation analysis in the current work.
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Figure 4.57: Projections of the linear polarisation matrices, backed target data, with 
gates on transitions from Top panel: gated on 312 keV transition projected on 
the parallel axis. Second panel: gated on 312 keV transition projected on the per­
pendicular axis. Third panel: gated on 1769 keV transition projected on the parallel 
axis. Bottom panel: gated on 1769 keV transition projected on the perpendicular 
axis.
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Figure 4.58: Projections of the linear polarisation matrices, backed target data, with 
gates on transitions from Top panel: gated on 471 keV transition projected on 
the parallel axis. Second panel: gated on 471 keV transition projected on the per­
pendicular axis. Third panel: gated on 1106 keV transition projected on the parallel 
axis. Bottom panel: gated on 1106 keV transition projected on the perpendicular
axis.
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Figure 4.59: Spectrum of perpendicular minus parallel scattered events for the 
backed target data. Top panel: gated on the 312 keV transition from Sec­
ond panel: gated on the 1769 keV transition from ®^ Y. Third panel: gated on the 
471 keV transition from ^®Y. Bottom panel: gated on the 1106 keV transition from
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Figure 4.60: Projections of the linear polarisation matrices, thin target data, with 
gates on transitions from Top panel: gated on 312 keV transition projected on 
the parallel axis. Second panel: gated on 312 keV transition projected on the per­
pendicular axis. Third panel: gated on 1769 keV transition projected on the parallel 
axis. Bottom panel: gated on 1769 keV transition projected on the perpendicular
axis.
4.3 Experimental data 140
%
I
u
parallel
perpendicular
parallel
o  o  _
p: perpendicular
500 1000 1500
Energy (keV)
2000 2500
Figure 4.61: Projections of the linear polarisation matrices, thin target data, with 
gates on transitions from Top panel: gated on 471 keV transition projected on 
the parallel axis. Second panel: gated on 471 keV transition projected on the per­
pendicular axis. Third panel: gated on 1106 keV transition projected on the parallel 
axis. Bottom panel: gated on 1106 keV transition projected on the perpendicular 
axis.
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Figure 4.62; Spectrum of perpendicular minus parallel scattered events for the thin 
target data. Top panel: gated on the 312 keV transition from Second panel: 
gated on the 1769 keV transition from ^®Y. Third panel: gated on the 471 keV 
transition from ^^Y. Bottom panel: gated on the 1106 keV transition from ^^Y.
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4.4 Summary tables of spectroscopic data for 88,89y^
Below the experimental results obtained for from the present work are sum­
marised in Tables 4.3, 4.4, 4.5 and 4.6.
Table 4.3: Experimental Results: Backed target (60 MeV),
E.y (keV) E i -> E / (keV) 1/ (^) Eez(60 MeV)
1769(E2)
R-cco
1208(E1) 312(M1)
131.4(10) 2444-^2312 10+ 9+ 2.7(5) -
214.0(1) 4178-^j&64 13- 12- 85(3) 0.53(2) 0.97(7) 1.04(7)
306.8(3) 7417-->7109 19(-) 18(-) 3.7(4) 0.87(14)
312.1(1) 3964-^jl652 12- 11- lOOp^ 0.53(3) 0.99(6) gate
327.0(10) 7142-^b815 16(+) -> 15(+) 7.0(5) 0.44(16) 0.87(23) 1.06(9)
395.9(1) 3652-^3257 11- -+ 10 23.9(11) - 1.04(11)
434.7(2) 5990-^5558 16(-) 15(-) 6.2(6) 0.31(9) 1.03(33) 1.16(18)
543.6(2) 6533-^5990 17(-) -> 16(-) 6.2(5)
550.8(2) 6815-^6266 15(+) —> 14(+) 2.6(3)
575.4(3) 7109-^6533 18(-) I 7 H 5.4(6)
646.1(1) 4824-->4178 14(-) 1 3 - 37.2(14) 0.57(9) 0.85(8) 0.99(5)
704.6(2) 7846-^7142 17(+) -> 16(+) 5.6(5)
734.4(1) 5558-^4824 15(-) 14(-) 14.5(8) 0.88(12) 1.21(12)
780.3(10) 8627-^7846 18(+) -> 17(+) 5.0(24) 0.36(8)
802.3(1) 1477-^675 9+ -+ 8+ 17.3(24) - 0.92(19) 0.87(3)
812.0(10) 3257-->2444 10 -^10+ 0.2(8) -
944.3(1) 3257-^2312 10 9+ 17.6(11) - - 1.04(8)
967.5(3) 2444-^1477 10+ 9+ 6.6(9) - 1.46(23) 0.94
1208.2(1) 3652--+2444 11- 10+ 75(3) 0.54(8) gate 1.01(3)
16084^1) 2312--+704 9+ -> 7 i5pq - - 1.83(32)
1637.7(1) 2312-^675 9+ -+ 8+ 8.9(7) - - 1.04(18)
1769.3(1) 2444-^^75 10+ ^  8+ 97(4) gate 1.75(8) 1.85(12)
1779.3(2) 3257--+1477 10 -> 9+ 11.8(9) - - 1.47(28)
1991.0(2) 6815-^4824 15(+) 14(-) 5.1(4)
2032.6(10) 9142-->7109
2086.8(10) 6266-->4178 14(+) -> 1 3 - 2.2(3) 0.99(45)
3081.3(10) 9614-+^533
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Table 4.4: Experimental Results: Backed target (60 MeV), ^^Y
Rdco
1106(E2) 471(E1) 344(M1)
- - 1.09(11)
0.58(14) 1.11(18) 1.20(13)
0.62(19) 0.92(13) 1.20(37)
- 0.98(13)
0.55(6) 0.90(6) gate
0.94(35)
0.41(7) 0.83(8) 1.01(10)
0.43(4) 0.88(14) 1.01(15)
0.51(12) 0.95(14) 1.05(19)
0.57(4) gate 1.15(6)
0.76(18) 1.19(8)
0.75(9)
0.70(5) 0.98(10) 0.99(9)
0.62(28)
0.43(7) 0.75(6) 0.78(8)
1.08(38)
gate 1.84(18) 1.87(26)
0.42(7) 0.96(37) 0.96(20)
- 1.08(25) 1.07(15)
0.62(12) 1.00(33) 1.24(31)
0.57(3) 1.01(7) 1.07(8)
1.15(23) 1.67(39) 1.96(49)
94.9(1)
172.0(10)
244.5(2)
317u^T)
343.8(1)
397.3(2)
403.2(1)
429.7(1)
456.3(1)
470.9(1)
477.7(2)
480.8(5)
650.5(1)
693.3(1)
705.4(1)
757.5(1)
776.9(1)
788.9(2)
915.4(3)
935.2(1)
959.7(3)
983.6(3)
994.3(3)
1106.3(1)
1232.5(1)
1239.2(1)
1410.4(1)
1657dXd)
1919.9(1)
1929.6(2)
1932^^7)
19844X1)
1996.0(10)
4920-
7431-
7834-
4450-
5264-
7591-
7834-
8264-
8720-
4920-
9903-
10384-
7834-
4825-
9425-
7431-
3343-
4132-
11300-
6199-
10384-
7184-
7194-
4450-
7431-
4132-
6675-
2566-
7184-
7194-h
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2893-+
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54.6(28)
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2.07(22) 1.56(20)
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Table 4.5: Experimental Results: Thin target (90 MeV), ®^ Y
E.y (keV) E i ^ E7/ (keV) 1/  (^) bez(90 MeV)
1769(E2)
Rdco
1208(E1) 312(M1)
131.4(10) 2444-+2312 10+ -+ 9+ 3.9(15) -
214.0(1) 4178-+3964 13- --+ 12- 115(5) 0.51(3) 0.96(8) 0.98(2)
306.8(3) 7417-+7109 I 9 H  --+ 18(-) 8.5(9) 0.71(17) 0.81(19) 1.10(30)
312.1(1) 3964-+3652 12- --+ 11- 100(3) 0.52(4) 0.96(8) gate
327.0(10) 7142-+6815 16(+) --+ 15(+) 12.9(11) 0.50(16) 1.51(36) 1.15(19)
395.9(1) 3652-+3257 11- -+ 10 18.5(15) - 0.93(6)
434.7(2) 5990-+5558 16(-) --+ I 5 H 16.6(15) 0.47(14) 0.63(11) 1.11(12)
543Ti(2) 6533-+5990 17(-) .-+ 16(-) 20.8(14) 0.59(5) 0.83(11) 0.97(14)
550.8(2) 6815-+6266 15(+) --+ 14(+) 3.1(6) 0.59(22) 0.76(20)
575.4(3) 7109-+6533 18(-) --+ I 7 H 19.2(16) 0.39(16) 0.71(10) 0.87(14)
646.1(1) 4824-+4178 I 4 H -+ 1 3 - 62(3) 0.46(6) 0.94(13) 0.99(8)
704.6(2) 7846-+7142 17(+) _-+ 16(+) 12.8(15) 0.72(16) 1.18(31) 0.77(13)
734.4(1) 5558-+4824 I 5 H  --+ 14(-) 30.1(18) 0.58(11) 0.79(10) 0.84(7)
780.3(10) 8627-+7846 18(+) --> 17(+) 12.2(17) 0.93(24) 1.32(21) 1.26(21)
802.3(1) 1477-+675 9+ -+  8+ 12.4(17) 1.01(16) 1.03(18)
812.(X10) 3257-+2444 1 0 -+10+ 0.2(7) -
944.3(1) 3257-+2312 10 -+ 9+ 7.5(16) - - 1.18(34)
967.5(3) 2444-+1477 10+ -+ 9+ 4.0(16) -
1208.2(1) 3652-+2444 11- -+ 10+ 51.8(26) 0.64(7) gate 1.09(7)
1608.4(1) 2312-+704 9+ -+ 7 10.3(11) - - 1.62(42)
1637.7(1) 2312-+675 9+ -+ 8+ 7.9(13) - - 1.32(39)
1769.3(1) 2444-+675 10+ ■-+ 8+ 51(3) gate 1.42(12) 1.68(16)
177&3(2) 3257-+1477 10 -+ 9+ 7.6(16) - -
1991.0(2) 6815-+4824 15(+) -+ 14(-) 8.3(9) 1.11(53)
2032.6(10) 9142-+7109
2086.8(10) 6266->4178 14(+) .-+ 1 3 - 4.8(9)
30813(10) 9614-+6533
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Table 4.6: Experimental Results: Thin target (90 MeV), ®^ Y
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7.8(8)
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4.5(8)
38.5(22)
22.9(14)
25.3(19)
13.1(12)
49.3(19)
17.7(12)
7.0(8)
0.7(5)
24.2(10)
15.1(11)
- - 0.95(12)
0.80(25) 1.10(17) 0.85(8)
0.69(7) 0.91(20) 0.93(18)
- 0.95(8)
0.77(7) 0.89(4) gate
0.41(5) 0.90(9) 0.82(10)
0.58(10) 1.00(13) 0.99(10)
0.60(7) 1 .0 0 (8 ) 0.93(13)
0.65(6) gate 1.07(9)
0.81(12)
1.23(23)
1.34(48)
- - 1.26(15)
0.55(19) 1.24(16) 0.91^3)
0.76(8) 1.03(14)
0.99(13)
0.67(17) 0.71(9) 0.80(7)
gate 1.52(16) 1.24(14)
1.09(25)
0.64(10) 1.09(13) 1.13(17)
0.99(12) 1.56(67) 2.54(89)
1.20(24) 1.76(30)
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4.5 Comparison w ith X u e t  a l .
A  recent study by Xu et al. [80] reports many of the same transitions observed in the 
current work but with a different placement. The current work places the 1608 keV 
transition depopulating the E x=2312  keV level, populating the E x = 7 0 5  keV
spin 7 level. Xu et al. [80] assigned the 1608 keV transition to populate the 5558 keV 
level with tentative spin/parity 7^=16“. Evidence for the revision of the placement 
of this transition in the current work is shown in Figures 4.16 and 4.20 (backed 
target data) and 4.32 and 4.35 (thin target data). Panels (a)-(e) in Figure 4.20 
(backed target data) and 4.20 (thin target data) show projections of double gated 
7 -7 - 7  coincidence data with the gates set on the 5 highest lying transitions in the 
main cascade (734, 435, 544, 575 and 307 keV) as shown in Figures 4.24 and 4.39. 
The absence of a discrete peak at 1608 keV indicates that this energy is not mutually 
coincident with these gamma rays.
Figure 4.63 shows projections of double gated 7 -7 - 7  cube data with the gates set 
on the 1608 keV and a sum of 312 and 214 keV, 1208 keV and 1769 keV respectively. 
Panel (a) shows the 1608 keV 7  ray to be coincident with 395 keV and 944 keV but 
not with 1638 keV and 1769 keV, leading to the conclusion that the 1608 keV de­
populates the Ea;=2S12 keV 7^=9+ level. Further support for this placement is the 
appearance of the weak 131 keV transition in this gate, as well as the 1208 keV peak. 
Panel (b) provides the same conclusion, with the 131, 214, 312, 646 and 734 keV 
transitions (but not 395 and 944 keV) present in panel (a). Panel (c) shows no peaks 
that correspond to previously reported gamma rays assigned to indicating that 
1608 keV is not coincident with the 1769 keV transition.
The data presented in this work also indicates that the 7  ray de-exciting the 
4178 keV level (214 keV) has multipolarity A7=l (see Tables 4.3 and 4.5), which 
is consistent with the study of Warburton et al. [24]. This is contrary to the 
results published in [80] which assigns this transition with A I = 2 .  As a result of this 
discrepancy, the tentatively assigned positive parity side branch shown in Figures 
4.24 and 4.39 is consistent with the branch labeled ‘C’ in Xu et al. [80] but with
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Figure 4.63: Projections of double gated symmetrised 7 -7 - 7  coincidence cube for 
the backed data, (a) Gates on 1608 keV and 312 keV -1- 214 keV. (b) Gates on 
1608 keV and 1208 keV. (c) Gates on 1608 keV and 1769 keV.
the member levels spins reduced by 1 h.
4.6 Comparison between data sets
The aim of this experimental work was to extend the level scheme of to
higher spin and excitation energy. W ith this aim, as stated in section 3.4, a 
thin target experiment was performed using the reactions ’^ ®Ge(^^0,p5n)®^Y and 
^®Ge(^®0,p4n)^^Y. A comparison of the 60 MeV data (backed target data) with the 
90 MeV data (thin target data) is shown below in Figure 4.64.
The top panel of Figure 4.64 shows the projection of a 7 - 7  matrix created from 
the 60 MeV, backed target, data set with an energy gate set at 312 keV. The second 
panel shows a projection of the same energy gate placed on the thin target, 90 MeV,
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Figure 4.64: Comparison of the backed target and thin target data for Top 
panel: Projection of an energy gated, at 312 keV, symmetrised 7 - 7  matrix produced 
from the backed target, 60 MeV data set. Second panel: Projection of an energy 
gated, at 312 keV, symmetrised 7 - 7  matrix produced from the thin target, 90 MeV 
data set. Third panel: Projection of a symmetrised 7 -7 - 7  cube, doubled gated 
at 312 and 214 keV from the backed target data. Bottom panel: Projection of a 
symmetrised 7 -7 - 7  cube, doubled gated at 312 and 214 keV from the thin target 
data.
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data set. Strongly populated, previously known peaks are indicated with a 
whilst some peaks of interest in this discussion are marked with their energy in keV. 
There is a clearly a difference between two spectra, with all of the peaks noted with 
their respective energies being more intense in the thin target data set. These peaks 
correspond to transitions that appear towards the top of the level scheme shown in 
Figures 4.24 and 4.39, likely arising from states with higher spin. The larger relative 
intensity of these transitions associated with decays from higher angular momentum 
states in the thin target data compared with the backed target data indicates that 
the thin target data does, as expected, populate higher spin states.
A similar pattern is seen in the third and fourth panel of Figure 4.64, where the 
third panel is the projection of a double gated, symmetrised, 7 -7 - 7  cube, with gates 
on 312 and 214 keV, created from the backed target data. The fourth panel shows 
the projection of the same gates on a cube created from the thin target data. As 
with the example above the transitions originating from the higher spin states show 
a definite enhancement in the thin target data compared to the backed target data. 
Despite this, the observation of higher spin, discrete transitions was not apparent 
in the thin target data.
Chapter 5
Shell M odel Calculations
The nuclear shell model is a singe particle model which makes use of an ‘inert 
core’ and valence particles to greatly reduce the computational difficulty associated 
with performing calculations on a many body system. In the case of the nuclei 
being investigated in this work the number of particles relevant for calculation is 
reduced from 8 8  to 32. This reduction makes calculation not only much faster 
but the interpretation of the results simpler. The nuclear shell model calculations 
performed and presented here were carried out using the NuShellX code [81] which 
is a descendent of the OXford Buenos Aires SHell (OXBASH) model code [82]. The 
most obvious shell model or valence space to be used in these calculations covers the 
major shell from Z and N=28-50 with a inert core of ^®Ni, or the ‘fpg’ space. The 
fpg valence space consists of the single particle levels fs/2 , ps/2 , P1/2 and gg/2  and is 
chosen as it allows ‘space’ for all of the nucleons present in the nuclei of interest. 
An illustration of the single particle levels involved in these calculations is shown in 
Figure 5.1.
These calculations can be simplified by placing sub-shell restrictions on the single 
particle levels included in the valence space resulting in a truncated space. This is 
achieved by a defined maximum and minimum occupancy for each single particle 
orbit. For example, the amount of energy it would take to excite all of the 11 protons 
in a valence space with no restrictions from the lowest energy configuration (f5/2= 6 , 
P3/2= 4 , p i/2= l  and g g /2 = 0 )  to the highest (fs/2= 0 , P 3 /2 = 0 ,  pi/2= l  and gg/2=10)
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Figure 5.1: Illustration of the single particle levels included in the NuShellX shell 
model calculation for
would be substantially more than that needed to excite nucleons across the shell gap. 
This configuration would contribute very little to the wavefunction of the resulting 
states and thus can be ignored. However it is difficult to know where to ‘draw the 
line’ when it comes to including shell model configurations. The requirement of 
placing sub-shell restriction of the model space was due to lack of computing power. 
However, this problem was solved with access to the new server acquired by the 
Theoretical Nuclear Physics group at the University of Surrey which allowed for full 
fpg space nuclear shell model calculations to be performed, removing the need to 
truncate the valence space and ignore potentially important particle configurations.
The next important choice when performing shell model calculations is the in­
teraction. The choice of interaction governs the single particle energy levels and the 
two-body matrix elements (TBME) used for the shell model calculations. The shell 
model Hamiltonian can be written as the sum of the kinetic (T) and the potential 
(U) energy when only considering two-body interactions (three-body interactions
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are small at the energy of interest).
H  = T +  V  = Vitkin,r2) (5.1)
i=l i>k=l
A one-body central potential, Ui can be introduced which absorbs most of the effects 
of the two-body interaction.
H  = T  + V  = ' ^  ^  +  U%(r) +  'Y l  ^*,^(^,7*2) -  ^  Ui(r) (5.2)
2= 1  ^ Z>fc=l 2=1
=  i^o +  Hres (5.3)
The inclusion of the one body potential results in the Hamiltonian being in the 
form of a central part, Hq, with central potential such as a Woods-Saxon potential, 
and a residual part, Hres- The shell model calculations find the solution of H  |^q,) =  
E  |Tq;), where the solutions to the central part are the products of the single-particle 
wavefunctions.
1$ ^ )  =  E  =  | $ i )  I 0 2 )  | $ 3> . . .  ( 5 . 4 )
To find the solution of H  =  E  the matrix elements of the Hamiltonian 
are required, (4>q,| |$/3). For the central part of the Hamiltonian the m atrix ele­
ments are determined from the single-particle energies. The matrix elements of the 
residual part of the Hamiltonian can be reduced to a linear combination of two-body 
matrix elements (TBME), which are input into the NuShellX calculations from the 
interaction file.
There is a large variety of interactions available with the NuShellX package tha t 
are applicable to the model space chosen. The interaction chosen in the current 
work is labeled as ‘jun45’ in NuShellX and is described in [83]. The interaction 
is derived from the Bonn-C potential and is an isospin interaction, which means 
the 4 single particle energies for the fs/2 , P3/2 , P1/2 and gg/2  states are the same 
for both the protons and the neutrons. In reality this cannot be the case due
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to Coulomb repulsion affecting only the protons, raising the proton single particle 
energies relative to the neutron single particle energies. However, the states under 
study in the present work are high spin, which results in the configurations for 
being entirely u{gg/2 ), and for ^^Y, the neutron major shell is full up to N=50. This 
results in the neutron SPE not having an effect on the final shell model calculations.
In the standard shell model approach the single particle energies are taken from 
one-particle or one-hole states adjacent to the chosen inert core. However, due to 
the ‘softness’ [84, 85] of the ^®Ni core the SPE for the jun45 interaction are taken as 
fitting parameters. The interaction is fitted to 69 nuclei tha t range from A=63 to 
A=96 and includes ^®Y. The interaction chosen consists of 4 SPE, f5/2(-8.7087 MeV), 
P s / 2 (-9.8280 MeV), P i / 2 (-7.8388 MeV) and g g / 2 (-6.2617 MeV), and 133 TBME which 
are summarised in [83].
The results of the shell model calculations are shown below graphically in Figures 
5.2 and 5.3, with detailed results presented in Tables 5.1 and 5.2.
Figure 5.2 shows the experimentally determined results alongside the shell model 
calculations for ^^Y. The positive and negative parity states are plotted to oppo­
site sides of the experimental results for ease of viewing. The highest spin/parity 
configurations possible for the valence space used in the current work for ^^Y are 
23“ and 24+ (see Table 5.1). The yrast states predicted for ^^Y in the shell model 
calculations are shown in Figure 5.2 up to spin 20 and all the relevant predicated 
yrast states (up to spin 24) are shown in Table 5.1. The parities of the previously 
unreported levels are assigned tentatively on the basis of comparison with the shell 
model calculations. The spin 1 0  state at Ex=3257 keV is not assigned a parity on 
the basis of comparison with the shell model calculations as there are both positive 
and negative parity states predicted with similar excitation energies.
The first thing to note in Figure 5.2 is that the shell model calculation predicts 
the 7^=8+ state to have an energy of 823 keV. This result validates the calculations 
in the current work as it agrees with the results published in [83]. There is a 
reasonable agreement between theory and experiment with a difference of less than 
~200 keV for the negative parity states up to the 7^=15“ Ex=5766 calculated state.
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Above this the difference between the theoretical and experimental results increases 
to more than 1 MeV. This could imply that cross-shell excitations (not included in 
the model space in the current work) become important in the formation of near- 
yrast states in this energy range. As with the negative parity states, the positive 
parity states have a good agreement with experimental results at lower excitation 
energies. However, unlike the the negative parity states, the agreement extends into 
the higher energy region to ^ 8 .6  MeV. Due to the lack of parity assignments for 
the higher energy states observed in the present work it is not possible to say with 
certainty that these experimentally observed states are in fact positive in nature. 
Figures 4.24 and 4.39 show that these states that correspond to the higher energy 
positive parity calculated states are in the side branch. If these side branch states 
were negative parity states, i.e. the same parity of the main branch states, it would 
be expected that there would be competing E2 transitions from the Ex=Q266 keV, 
spin 14 state to the Ex=S964: keV 7^=12“ state and from the Ea,=6815 keV, spin 
15 state to the Ex=^178 keV 7^=13“ state. The energy of these transitions would 
be 2302 keV and 2637 keV respectively. There is no evidence of transitions at these 
energies in the data, indicating that these ‘side branch’ states are in fact positive 
parity states.
Table 5.1 shows the detailed results of the shell model calculations performed 
for In order to understand the nuclear structure of ®^ Y the configuration of 
the valence particles in the single particle orbitals is shown in Table 5.1. The first 
thing to note is the lack of neutron excitations seen. Due to the high spin nature 
of the states being studied, the only likely neutron configuration places the neutron 
hole in the gg/ 2  orbital. The shell model calculations show the two lowest lying 
experimentally observed states, 4“ and 5“ , having wavefunctions tha t are dominated 
by the coupling of the unpaired proton in the pi / 2  orbital to the neutron hole in the 
ggi2 orbit. This configuration for the lowest energy states represents the valence 
particles in the ground state configuration. The next three lowest energy states, 8 +, 
7+ and 9+, are all formed predominantly by the excitation of the valence proton 
from the p i/2  orbital to the gg/2 - The proton is coupled to the neutron hole in the
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gg/ 2  orbital to produce states from 0+-9+, including the three mentioned here. The 
second 9+ state and the 10+ state show wavefunction contributions from the two 
following configurations: 7t(/|/2 ^ p \ / 2  ^  9 I/2 ) ^  ^(ô'g/2) ^(T’3/2 ^  P1 / 2  ^  a'9/2)
^(^9/2)' The 11“ state wavefunction is comprised mainly of protons in the ps/ 2  and 
gg/ 2  orbitals coupling to the neutron hole in the gg/ 2  orbital in the configuration 
7r(pgy2 0 '^9/2) ^  ^(^9/2)' The 12“ state also has contributions to its wavefunction 
from this configuration, but it is mainly comprised of the '^{fl / 2  0  gg/2)  0  ^{Qgjg) 
configuration. The 13“ , 14“ and 15“ state wavefunctions are dominated by the 
7r(/g/2 0  9 Î/2 ) 0  ^(^9/2) configuration. The 14+, 15+, 16+, 17+ and 18+ high energy 
positive parity states thought to correspond to the ‘side branch’ in the experimental 
level scheme will be discussed next. The wavefunction of the 14+, 16+, 17+ and 18+ 
states are made up predominantly coupling unpaired protons in the / 5/2 , P3/2 and 
the gg/ 2  and coupling them to the neutron hole in the gg/ 2  orbit in the following 
configuration 7r(/|^2 0 7 3 /2 0 ^9/2) 0 ^^9g}^- The 15+ state has a wavefunction where 
the predominant configuration is 7r(pgy2 0  ^9/2) 0  ^(79/2); ^ ith  a small contribution 
from the dominant configuration of the other high energy positive parity states 
above (see Table 5.1 for details). The 16“ , 17“ , 18“ and 19“ state energies do 
not compare well with experimental observations. These state wavefunctions are 
predominantly comprised of two configurations. The 16“ and 17“ states are mainly 
?r(/g/2  0 7 3 / 2  0 7 Î/2  0  79/2) 0  ^(79/2) ^iid the 18“ and 19“ states are largely 7t ( / | / 2  0
7 3 /2  0  79/2) 0  ^(79/2)'
The shell model calculations predict that the yrast 7^=19+ state should be
~500 keV above the observed 7^=18+ yrast state. No firm evidence for a state 
corresponding to this predicted level is observed in the current work. The yrast 
7^=20+ and 20“ states are predicted to lie almost 3 MeV above the 7^=19+ state 
(see Figure 5.2 and Table 5.1) which suggests an exhaustion of energetically favoured 
angular momentum couplings in this valence space. The large energy gap suggests 
that cross-shell excitations may compete with such transitions, fragmenting the po­
tential population of states with 7 >  20A
It was expected that the heavy-ion fusion evaporation reactions would impart
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angular momentum up to 40 h to the nucleus under study. However, it can be seen 
in Figures 4.24 and 4.39 that the extended experimental level scheme for only 
exhibits levels up to a spin of 19 /I. It is possible that no discrete levels are observed 
at higher spins in the current work due to the level scheme fragmenting, with a large 
number of weakly populated levels tha t are difficult to observe discretely.
Above /^5 MeV the agreement between experiment and theoretical prediction 
becomes weaker. At some stage, the excitation energy will become sufficient for 
a neutron excitation across the N=50 shell gap. The N=50 shell gap is of the 
order of several MeV meaning within the energy range being examined it is possible 
for neutrons to excite across the gap. However, the calculation model space used 
includes only single particle states up to gg/2  for both protons and neutrons, therefore 
allowing no excitations across the N=50 shell gap. This is likely to be the source 
of the large differences between the shell model calculations and the experimental 
levels scheme at high excitation energies.
Figure 5.3 shows the experimental results determined in the course of this work 
with the theoretically determined states for ^^Y. The maximum spin/parity configu­
rations possible for the valence space used in the current work for ®^ Y are 37/2“ and 
39/2+ (see Table 5.2).Similarly to the calculations performed for ®^ Y, the validity of 
the calculations for ®^ Y is demonstrated by the agreement of states calculated in this 
work with those published in [83]. The agreement between the experimental results 
and the calculations is good up to excitation energies of ~4.6 MeV with an energy 
discrepancy of ^^200 keV. The calculated states above this do not agree well with 
observations, with the energy difference between the experimental and calculated 
states ranging from ^1-6.5 MeV.
Table 5.2 shows the details of the shell model calculations performed for ^^Y. The 
neutrons play no part in the calculations performed as ®^ Y has 50 neutrons which 
fill the orbitals included in the calculation space. The experimental ground state 
is reported to have 7 ^ = l/2 “ which agrees well with the calculated ground state. 
This state is formed when the proton has angular momentum 1/2 which results in a 
wavefunction that is predominantly comprised of with a smaller contribution
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from tt{pI/ 2  ^  p \ / 2  0  79/2)* The 9/2+ state is formed primarily by the excitation of 
the proton to the gg/ 2  orbital with the state wavefunction being mainly '7r{gl/2 )' The 
following two states, the 11/2+ and 13/2+, have contributions to their wavefunction 
from the coupling of valence protons in P3 /2 , Pi/ 2  and gg/ 2  in the configuration 
^(7 3 /2  0  7i/2 0  79/2)- The next three states, 13/2“ , 15/2“ and 17/2“ , are formed 
primarily with the coupling of protons in the ps/ 2  and gg/ 2  orbitals, 0  79/2)-
The 17/2+, 21/2+ and the 19/2+ state wavefunctions are predominantly comprised 
of coupling the ps/ 2  and gg/ 2  orbitals, 7r(pg/g 0 pLg) with the protons being different 
sub-states of the orbitals for each calculated state. The 23/2+ and 25/2+ states also 
show a significant percentage of the wavefunction arising from the tt{pI/ 2  0  79/2) 
configuration, but also a large percentage due to the coupling / 5/2 , P3 / 2  and the ^9/2  
states in the 7t(/|/2 0 7 3 / 2  0  79/2) configuration. The 27/2+, 29/2+ and 35/2+ state 
wavefunctions are also comprised largely of this configuration 7t(/|/2 0 Pg/2  0  79 /2 )- 
The 31/2+ and 33/2+ state wavefunctions are comprised of configurations of valence 
protons in each of the four orbitals included in the valence space. The valence 
protons are in the following configurations respectively, 7t(/|/2 0 7 3 / 2  0  7 i /2  0  79/2) 
and 7r(/g/2 0 7 ^ /2  0 7 Î/2  0 79/2)- The predicted states up to the maximum spin/parity 
achievable in the valence used in the current work are shown in Table 5.2.
It is likely that cross shell excitations become significant at a lower energy in Y 
compared to ®^ Y due to a lower maximum total state spin allowed in the valence 
space used in the current work. This could explain the poor agreement between the 
experimental results and theoretical predications above ~4.5MeV for ^^Y.
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Figure 5.2: Shell model calculation results for plotted in a level diagram, com­
pared to experimentally determined level scheme.
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Figure 5.3: Shell model calculation results for plotted in a level diagram, com­
pared to experimentally determined level scheme.
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Table 5.1: Shell model calculation results for * Energy in keV.  ^ Percentage of 
state wavefunction with this angular momentum coupling.  ^ Percentage of the total 
state wavefunction with this single-particle configuration.
State Ang. mom. 7T occupancy Dominant
7T 12 h/2 Ps/2  Pl/2  gg/2 configuration (s)
4 - 0 81 1 / 2 9/2 50 6 4 1 0 Tt(p I/2) ® //(gÿs)
10 6 2 1 2
5- 292 8 8 1 / 2 9/2 62 6 4 1 0 w(pî/2 ) ® (/(gÿa)
11 6 2 1 2
8 + 823 8 8 9/2 9/2 50 6 4 0 1 ’r(9g/2) ®
10 6 2 2 1
1 0 6 2 0 3
7+ 862 89 9/2 9/2 50 6 4 0 1 ’<■(39 /2) ® >"(3 ^ 2)
10 6 2 2 1
10 6 2 0 3
6 “ 1272 72 3/2 9/2 37 6 3 2 0 ’r(pi/2®Pl/2) ® '"(39/2 )
16 6 3 0 2
9+ 1642 89 9/2 9/2 50 6 4 0 1 ’7(39/2) ® 77(3972)
11 6 2 2 1
10 6 2 0 3
7“ 1665 93 5/2 9/2 38 5 4 2 0 pl/2 ) ® ''{9 9 /2 )
25 5 4 0 2
13 5 2 2 2
9^ 2394 23 9/2 9/2 6 6 3 1 1
18 5 4 1 1 T7(/5/2 ® Pl/2 ® 39/2) ® 77(39 /2 )
60 1 1 / 2 9/2 18 6 3 1 1 7t(p|/2 ® PÎ/2  ® 39/2) ® 77(9 ^ 2 )
25 5 4 1 1 77(15/2  ® Pl/2 ® 39/2) ® ^( 9 9 / 2 )
Continued on next page
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Table 5.1 -  continued from previous page
State Ang. mom. 7T occupancy Dominant
r 7T u h / 2 P3/2 P l /2  gg/2 configuration (s)
10+ 2540 40 11/2 9/2 11 6 3 1 1 77(p1/2 ®  PÎ/2 ® 59/2) ®  77(aÿÜ
16 5 4 1 1 7r(y#/2 ® PÎ/2 ® S9/2) ®  77(%2)
53 13/2 9/2 18 6 3 1 1 7r(pi/2  ®  PÎ/2  ®  S9/2) ® 77(5 ^ 2)
16 5 4 1 1 77(/|/2 ® PÎ/2  ®  99/2) ® 77(^7 2 )
8 “ 2991 78 7/2 9/2 43 6 3 0 2 77(P3/2 ® 99/2 ) ® 77(97/ 2)
1 0 5 3 1 2
9“ 3021 28 9/2 9/2 16 6 3 0 2
60 13/2 9/2 44 6 3 0 2 77(9 3 /2  ® 99/2) ® 7/(g^7)
1 0 + 3319 2 0 1 1 / 2 9/2 9 5 4 1 1
6 6 13/2 9/2 31 6 3 1 1 77(p|/2 ®  P \ / 2  ®  99/2) ®  7/(gÿ7)
23 5 4 1 1
1 1 + 3439 95 13/2 9/2 32 6 3 1 1 77(9 3 /2  ® P}/2  ® 99/2) ® 77(99/2)
27 5 4 1 1 77(/|/2 ®  PÎ/2  ® 99 / 2) ® 77(9972)
1 1 - 3819 79 13/2 9/2 50 6 3 0 2 77(93 /2  ® 99/ 2) ® 77(97 / 2)
7 5 4 0 2
5 6 2 1 2
1 2 - 4163 15 15/2 9/2 5 6 3 0 2
6 5 4 0 2
30 17/2 9/2 7 6 3 0 2
13 5 4 0 2 77(/|/2  ®  99 / 2) ®  77(97 / 2 )
45 19/2 9/2 11 6 3 0 2 77(p|/2 ®  99/ 2) ®  77(97 / 2 )
23 5 4 0 2 77(/|/2  ®  99 / 2) ® 77(97 / 2 )
13- 4379 40 17/2 9/2 25 5 4 0 2 ' ^ { f t / 2  ®  99 / 2) ®  77(99 / 2)
37 19/2 9/2 22 5 4 0 2 ?5
19 21/2 9/2 13 5 4 0 2 55
Continued on next page
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Table 5.1 -  continued from previous page
State Ang. mom. 7T occupancy Dominant
7T V fs/2 Ps/2  Pl/2 g9/2 configuration (s)
12+ 4673 63 15/2 9/2 24 5 3 2 1 ^ ( / | / 2  ® P3/2 ® 39/2) ®
17 5 3 0 3
30 17/2 9/2 12 5 3 2 1
14- 5074 50 19/2 9/2 30 5 4 0 2 ^{/5/2®39/2)®K59/2)
47 21/2 9/2 31 5 4 0 2
13+ 5688 91 17/2 9/2 30 5 3 2 1 '^(/s/2 ^  P3/2 ^  '^9/2) ®  ^ ^ 9/2)
27 5 3 0 3
7 4 4 0 3
15- 5766 96 21/2 9/2 62 5 4 0 2 4 / 5/2
10 5 2 2 2
10 5 2 0 4
14+ 6261 58 19/2 9/2 36 5 3 0 3 '^ifi/2  ^  7*3/2 C) P9/2) ^  ^(^9/2)
9 4 4 0 3
30 21/2 9/2 15 5 3 0 3 ^  7*3/2 g'g/2) ^  ^(^9/2)
15+ 6689 76 21/2 9/2 49 6 2 0 3
7 4 4 0 3
17 23/2 9/2 7 5 3 0 3
16- 7294 66 23/2 9/2 47 5 3 1 2 (/s/2 *^ 7^ 3/2 *^Pl/2'^ 5^ 9/2 ) ^ (0 9^/2 )
32 25/2 9/2 23 5 3 1 2 55
16+ 7324 67 23/2 9/2 43 5 3 0 3 '^if5 / 2  ^  P3/2 ^  P9/2) ^  ^(^9/2)
10 4 4 0 3
22 25/2 9/2 13 5 3 0 3 ^(/#/2 <:* P3/2 ^^9/2) "^(5* 2^)
17- 8108 98 25/2 9/2 67 5 3 1 2 ^ (/s /2  *^^3/2 *^Pl/2  ^9/2 ) (5 9^/2 )
8 4 4 1 2
Continued on next page
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Table 5.1 -  continued from previous page
State Ang. mom. 7T occupancy Dominant
ITT 7T V fs/2 P3/2 Pl/2 g9/2 configuration(s)
17+ 8113 67 25/2 9/2 42 5 3 0 3 :r( /# /2  Ps/2  ^&2) :"(^ 9^/2)
11 4 4 0 3 '^ if5/2 ^  9 9 /2 ) C" ^{9 9 /2 )
23 27/2 9/2 14 5 3 0 3 ^(/5/2 ^  7*3/2 ^  9 9 /2 ) ^  ^(^9/2)
9 29/2 9/2 6 5 3 0 3
18+ 8847 68 27/2 9/2 42 5 3 0 3 '^(/|/2 ^  7^ 3/2 ^  ^9/2) ^  ^(^9/2)
10 4 4 0 3
21 29/2 9/2 19 5 3 0 3 '^(/|/2 ^  7*3/2 ^g/2) C) ^(pg/2)
18- 10078 63 27/2 9/2 40 5 2 0 4 ^(/|/2  ^  7*3/2 ®  P9/2) ^  ^(5*9/2)
7 4 3 0 4
7 5 1 1 4
34 29/2 9/2 22 5 2 0 4 '^(/s/2 ® 7*3/2 Pg/2) ^{99/2)
19- 10185 95 29/2 9/2 59 5 2 0 4 '^(/s/2 ^  P3/2 ^  â'9/2) ^  ^(99/2)
11 4 3 0 4 '^ i f 5 / 2  ^  7*3/2 ^9/2) ^  ^(5*9/2)
9 5 1 1 4
6 4 2 1 4
20- 11981 96 31/2 9/2 59 5 2 0 4 '^(/|/2 ^  7*3/2 C) ^9/2) C) ^(99/2)
18 4 3 0 4
6 5 1 1 4
7 4 2 1 4
20+ 12167 96 31/2 9/2 63 5 2 1 3 i f 5 / 2  ^ 7*3/2 C*7*i/2 C>5'9/2 ) ^  ^  ( % /2 )
26 4 3 1 3
21+ 12903 100 33/2 9/2 90 4 3 1 3 ^ (/s /2  ^ 7*3/2 C>Pi/2  *^ 0'9/2 ) (â'9/2 )
Continued on next page
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Table 5.1 -  continued from previous page
State %t Ang. mom. 7T occupancy Dominant
r E / 7T V fs/2 Ps/2  Pl/2  g9/2 configuration (s)
21- 13357 91 33/2 9/2 44 4 3 0 4 ^(/5/2 ^  7*3/2 ® 5*9/2) ® ^(5*9/2)
18 3 4 0 4
14 4 2 1 4
8 35/2 9/2 8 4 3 0 4
22- 13802 99 35/2 9/2 86 4 2 0 5 '^(/s/2 7*3/2 C> 5*9/2) ^(5*9/2)
22+ 15953 98 35/2 9/2 84 4 3 0 4 ^(/s/2 ^  7*3/2 59 /2) ^(59 /2)
23- 16323 100 37/2 9/2 83 4 2 1 4 i f 5 / 2  *^ 7*3/2 /2 ^ 5g/2 ) ^  ^  (5*9/2 )
15 3 3 1 4
23+ 16948 100 37/2 9/2 83 4 2 0 5 ^ ( / ^ 2  Ps/2  5*9/2) (^^ 9^/2)
11 3 3 0 5
24+ 20615 100 39/2 9/2 100 3 2 1 5 ^(/s/2 *^ 7*3/2 C*7*i/2 *^ 59/2  ) *^^ (5*9/2 )
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Table 5.2: Shell model calculation results for * Energy in keV.  ^ Percentage of 
state wavefunction with this angular momentum coupling. * Percentage of the total 
state wavefunction with this single-particle configuration.
S t a t e A n g . m o m . 7T o c c u p a n c y D o m i n a n t
J7T E , 7T V fs /2 Ps/2  Pl/2  gg/2 c o n f i g u r a t i o n ( s )
1 /2- 0 100 1/2 0 72 6 4 1 0 A v l f t )
14 6 2 1 2
9/2+ 967 100 9/2 0 60 6 4 0 1
13 6 2 2 1
12 6 2 0 3
11/2+ 2768 100 11/2 0 59 6 3 1 1 T ^ i P Ï / 2 ® P \ / 2 ® 9 l l l )
15 5 4 1 1
13/2+ 2964 100 13/2 0 64 6 3 1 1 ’r(pi/2®PÎ/2®39/2)
13/2- 3213 100 13/2 0 78 6 3 0 2 ^ (pI/2 ® 39 /2)
15/2- 4284 100 15/2 0 73 6 3 0 2 ’^ {pI/2 ® 39 /2)
17/2- 4652 100 17/2 0 68 6 3 0 2 ’>■(3 3 /2 ® 39/2 )
15/2+ 4833 100 15/2 0 77 5 4 1 1 + /|/2® î>i/2® 39/2)
19/2- 4885 100 19/2 0 53 6 3 0 2 ^(P3/2®39/2)
25 5 4 0 2
21/2- 5724 100 21/2 0 66 5 4 0 2 ’r(/|/2® 39/2)
10 5 2 2 2
9 5 2 0 4
17/2+ 5835 100 17/2 0 11 5 3 1 2
57 6 2 0 3 ^ ( P 3 / 2 ® 3 g / 2 )
9 5 3 0 3
21/2+ 6256 100 21/2 0 72 6 2 0 3 2r(P3/2®39/2)
6 4 4 0 3
Continued on next page
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Table 5.2 -  continued from previous page
State Ang. mom. 7T occupancy Dominant
r 7T V fs/2 P3/2 Pl/2  gg/2 configuration(s)
19/2+ 6674 100 19/2 0 69 6 2 0 3 ® 99/2)
6 5 3 0 3
14 6 1 1 3
23/2- 7400 100 23/2 0 80 5 3 1 2 ’t( / | / 2 ® Î > 3 / 2 ® P Î /2 ® 9 9 /2 )
23/2+ 7442 100 23/2 0 21 6 2 0 3 «■{P3/2 ® 99/2)
47 5 3 0 3 ® P3 / 2  ® 99/2)
11 6 1 1 3
9 5 2 1 3
25/2- 8084 100 25/2 0 80 5 3 1 2 ’t( / | / 2 ® Î > 3 / 2 ® Î 'Î / 2 ® 9 9 /2 )
25/2+ 8108 100 25/2 0 34 6 2 0 3 ’r(pi/2®9|/2)
29 5 3 0 3 ^(/|/2 ® 9 3 /2  ® 99/2)
10 6 1 1 3
8 5 2 1 3
27/2+ 9172 100 27/2 0 78 5 3 0 3 ^(/s/2  ® P3/2 ® 99/2)
6 4 4 0 3
29/2+ 9643 100 29/2 0 78 5 3 0 3 ^(/5/2 ® 9 3 /2  ® 99/2)
27/2- 10587 100 27/2 0 14 6 1 0 4
65 5 2 0 4 9 3 /2 ® 99 /2)
29/2- 10792 100 29/2 0 79 5 2 0 4 + / I / 2 ®  9^/2® 99/2)
31/2+ 11945 100 31/2 0 89 5 2 1 3 ’r ( /|/2 ® 9 l/2 ® 9 j /2 ® 9 9 /2 )
31/2- 12257 100 31/2 0 76 5 2 0 4 ^(/|/2 ® 9 3 /2  ® 99/2)
9 5 1 1 4
33/2+ 12956 100 33/2 0 93 4 3 1 3 (^•^ 5/2 ®9s/2®9i/2® 99/2)
Continued on next page
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Table 5.2 -  continued from previous page
State Ang. mom. TT occupancy Dominant
J 7 T 7 3 / 7T V h/2 Ps/2  Pl/2  gg/2 configuration(s)
33/2- 13330 100 33/2 0 66 5 2 0 4 i f 5/2 ^  Ps/ 2  ^  ^ g / g )
13 4 3 0 4
6 3 4 0 4
35/2- 14283 100 35/2 0 90 4 3 0 4 '^(/s/2 ^  7*3/2 ^  5g/2)
35/2+ 16353 100 35/2 0 90 3 3 0 5 '^(/|/2 ^  7*3/2 ^  59/2)
37/2- 16424 100 37/2 0 90 4 2 1 4 '^ift/2  ^7*3/2 ^ 7 * 1 / 2 5 *9 / 2 )
37/2+ 17379 100 37/2 0 83 4 1 1 5 4 # /2  <^ 7)3/2 <^ 7)1/2 <^P|/2)
39/2+ 20861 100 39/2 0 100 3 2 1 5
^ ( / # / 2 < : ) 7 ) 3 / 2 < ^ 7 ) ^ / 2 < ^ P 9 / 2 )
Chapter 6
Summary and Outlook
6.1 Summary
The work presented in this thesis aims to introduce features of nuclear structure 
relevant to the experimental work and theoretical calculations performed. The ex­
periments were designed to study the high spin states of with the aim of
extending the previously reported level schemes to higher energies and total angular 
momentum. Analysis of the experimental data has yielded new information and 
extended the level scheme to higher energies.
6 .1 .1  8 8 y
In the current work 12 previously unreported gamma rays, including two tentative 
gamma rays, were observed and placed in the level scheme for ®^ Y. The resultant 
levels have spin and tentative parity assignments. The spins of the levels were de­
duced from the determination the DCO ratios of the measured gamma rays. The 
parity assignments are made tentatively from comparison with shell model calcu­
lations performed for ^®Y in the current work. The shell model calculation results 
show reasonable agreement with experimentally observed states with I  < 18h. No 
evidence for decays from discrete levels with I  > 20h was observed in the current 
work, in spite of a semi-classical angular momentum of up to ^^40 h being imparted.
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This suggests a complex fragmentation of the level scheme for above I  > 18h 
associated with excitations across the N=50 closed shell.
6 .1.2
In ®®Y 5 previously unreported gamma rays were observed and placed in the level 
scheme. The spin assignments were based on the measurement of DCO ratios. One 
previously unreported level has been assigned a spin value. No parity assignment 
were made for ^^Y in the current work. There is reasonable agreement between shell 
model calculations performed in the current work and experimental observations up 
to ^4.5 MeV. This indicates that cross-shell excitations become significant in this 
energy range for ®^ Y.
6.2 Outlook
The experimental work indicates that cross-shell excitations are important in the 
energy range in the current work. Increasing the spin input to the nuclei under 
study may not yield any new previously unreported discrete gamma rays arising 
from the decay of high spin states. The collection of further statistics would enable 
more accurate measurement of DCO ratios and allow for the unambiguous determi­
nation of the parity of measured states via linear polarisation measurements. The 
development of an interaction that extends above the N=50 shell gap would help in 
the understanding of the differences between the experimental results and the shell 
model calculations.
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The near-yrast structure of the near-magic, odd-odd nucleus, 39Y49, has been studied into the 
high-spin regime. Investigations were performed at the Wright Nuclear Structure Laboratory, Yale 
University, using the ^^Ge(^®0,p3n) and ^®Ge(^®0,p5n) fusion-evaporation reactions at beam en­
ergies of 60 MeV and 90 MeV respectively. Gamma-ray energy coincidence analysis using both 
double (7 *^) and triple (7 )^ fold coincidences, together with angular correlation measurements have 
been used to extend the previously reported level scheme to an excitation energy of 8.6 MeV and 
spin/parity of The presented level scheme is compared with predictions of a truncated valence
space shell model calculation, which assumes an inert ®^Ni core with proton and neutron excitations 
allowed within the fg/g, P3 / 2 , P 1 / 2  and gg/2 single particle states. The shell model calculations show 
a reasonable comparison with the experimental data for the yrast, positive-parity states up to spin 
18 h, with larger variations evident for negative parity states with spins greater than 16 h. In spite 
of a significant increase in angular momentum input associated with the thin target ^®Ge(*^ ®0,p5n) 
reaction channel, as compared to the backed target data using the '^^ Ge target, no additional discrete 
states were identified in the former data set, suggesting that the level scheme for this nucleus frag­
ments significantly above the observed states, possibly indicating cross-shell excitations becoming 
dominant for /  >19 fi.
PACS number^: ,23.20.-g, 23.20.Lv, 21.60.Cs and 27.50.+ e
I. INTRODUCTION
The nucleus has a single neutron hole in the N—50 shell and a single proton hole in the sub-shell a t Z=40. 
This proximity to magic and semi-magic numbers suggests th a t the low-lying excitations for this nucleus are likely 
to  be characterised by simple single particle configurations th a t can be well described by the spherical-basis shell 
model. A number of previous studies have been carried out on the structure of in the low spin regime [1-5], 
however, there are few investigations of the high spin states [6]. The maximum spin th a t can be generated from the 
particles in the valence space covering the £5 / 2 , P3/ 2 , P1/2  and gg/2  orbitals for ®®Y is 24 A, w ith higher spin states 
requiring excitations across the ^®®Sn core. A recent publication by Xu e t  al. [7] reported high spin states of ^^Y 
populated following the heavy-ion fusion evaporation reaction ®^Se(^^B, 5n)®®Y. The level scheme for ®®Y presented 
in the current work is compared w ith th a t reported by Xu e t  a t., and to  the predictions of truncated  basis shell model 
calculations assuming excitations between the closed ®®Ni and ^®®Sn doubly magic cores.
II. EXPERIM ENTAL DETAILS
Heavy-ion fusion-evaporation reactions were used to  produce ®®Y to  allow the investigation of the near-yrast states 
up to spins of ~20 A. The 21 MV ESTU Tandem Van de Graaff accelerator at the Wright Nuclear S tructure 
Laboratory, Yale University, produced a beam of which was used to create the nucleus of interest via the reactions 
^^Ge(^®0,p3n)®®Y and ^®Ge(^®0,p5n)®®Y. In the first experiment, a  beam of a t a laboratory energy of 60 MeV 
impinged a 600 y g /c w ?  '^^Ge target with a  thick (10 mg/cm^) ^®^Au backing. The second experiment, aimed a t
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accessing higher spins, used a higher beam  energy (90 MeV) on a th in  ^®Ge target (62 jig /oxcS  on a  20 y g /c r c ?  carbon 
backing). Fusion evaporation cross-section calculations were performed using PACE4 [8 , 9] to estim ate the optimum 
beam energies for the reactions used. These calculations estim ated the semi-classical maximum angular momentum 
input into the compound nuclei for these two reactions to be ~23 % and ~40 Ti respectively.
Discrete energy gamma rays em itted following these reactions were measured using the YRAST ball germanium 
detector array [10]. In the current work, the array comprised 10 Compton suppressed (BGO shielded) HPGe clover 
detectors centred around the target chamber a t a typical target-detector distance of 20 cm. The array was arranged 
to allow 7 -ray coincidence angular correlations measurements w ith 6  clover detectors a t an angle of ^—90° to  the 
beam  axis and 4 clover detectors a t 0=42.5° (two upstream  and two downstream relative to the target chamber).
The hardware logic trigger for the da ta  acquisition system was set to  accept mutually coincident, independent 
Compton suppressed events in a t least three of the ten clover detectors within a  500 ns electronic hardware time logic 
window. A ‘triples’ clover coincidence (7 ^) m aster trigger was chosen to  reduce system dead time and improve the 
overall coincidence spectral quality by ensuring th a t the accepted events arose from gamma-ray cascades w ith a t lèast 
three discrete members. The da ta  were sorted offline using the sort code CSCAN [11]. Table I provides a summary of 
the experimental details and number of events for each experiment in the current work.
TABLE I: -Experimental details.
Beam Eb
(MeV)
Target Backing Beam current 
(pnA)
Master 
. trigger rate
7  ^ events
i8Q 60 '""Ge "^ ‘Au ~3 kHz 3.08x10""
ISq 90 ®^Ge 12c ~ 8 ~2 kHz 2.15x10^
III. RESULTS
Events corresponding to  gamma rays em itted from the decay of excited nuclear states in ®®Y were sorted off-line 
into 2-D (7 ^) matrices and 3-D (7 ^) coincidence cubes for investigation using the RADWARE analysis suite [12]. Figure 
1 shows the to tal projections of the 7  ^ matrices constructed from the ‘backed ta rge t’ and ‘th in  ta rg e t’ da ta  in the 
current work. Previously reported gamma rays identified as originating from 88.89y 88,8 9 2  ^ [13, 14] are marked.
The most intense of these are associated w ith transitions from the 4n evaporation channel, ®®Zr [l4].
The level scheme for ®®Y deduced in the current work is shown in Figure 2  (intensities correspond to  the backed target 
data). Coincident timing analysis techniques were used to  remove random  coincident events. The tim ing analysis 
involved setting various software gating conditions on time differences between measured gamma rays relative to 
the m aster trigger. A software time difference coincidence condition of ±90 ns was applied to  the 7  ^ matrices as it 
provided the optimum compromise between removal of random  gamma rays and reduction in overall statistics.
The investigation of gamma-ray coincidence relationships allows for the confirmation of previously published level 
schemes. Figure 3 shows projections of 7  ^ matrices for the backed and th in  target da ta  sets gated on the 312 keV 
7^= 12" —> 11~ transition in ®®Y. Figure 4 shows the projections of the symmetrised 7 ® coincidence cube w ith gates 
on the 214 and 312 keV transitions associated w ith ®®Y, for the backed and th in  target data. Notably, the relative 
intensity of the high lying excitations is increased in the th in  target (higher spin-input) da ta  as expected, however, 
no additional discrete energy transitions were identified in the th in  target da ta  set.
The Directional Correlation of Oriented states (DCO) m ethod was used to determine the likely angular momentum 
carried by the observed gamma rays. A 7(90°)-7(42.5°) coincidence m atrix was constructed such th a t the axes corre­
sponded to  the two angular groups of detectors within the YRAST ball array. A gate w ith an energy corresponding 
to  a previously reported transition of a well defined m ultipolarity was then applied to both  axes of this m atrix. A 
ratio of the intensity of the projected gamma ray peaks was measured, allowing coincident transitions w ith different 
multipolarities to be differentiated. The results of the DCO analysis of the backed and th in  target da ta  for ®®Y from 
the current work are summarised in Table II.
The current work confirms the results published by W arburton e t  al. [6 ] and extends the level scheme from 15A to 
I9 h , identifying 10 additional transitions in the high spin regime. A recent study by Xu e t  al. [7] reports m any of 
same transitions but with a different placement to the current work. The current work places the 1608 keV transition 
decaying from the -Ea,=2312 keV 7^=9+ level, populating the E x = 7 0 5  keV spin 7 level. This energy is consistent w ith 
a level assigned with 7^=(7+) following light-ion transfer reactions in ref. [16]. Such a sta te  would be expected to 
be isomeric in nature. Xu e t al. [7] assigned the 1608 keV transition to populate the 5558 keV level w ith tentative
spin/parity  7^= 16". Evidence for the revision of the placement of this transition in the current work is shown in 
Figures 6  and 7. Panels (a)-(e) in Figure 6  (backed target data) show projections of double gated 7  ^ coincidence data 
w ith the gates set on the 5 highest lying transitions in the main cascade (734, 435, 544, 575 and 307 keV) as shown 
in Figure 2. The absence of a discrete peak a t 1608 keV indicates th a t this energy is not m utually coincident with 
these gamma rays. The same conclusion is reached after analysis of the th in  target data. Figure 7 shows projections 
of double gated 7  ^ da ta  (backed target) w ith the gates set on the 1608 keV and a sum of 312 and 214 keV, 1208 keV 
and 1769 keV respectively. Panel (a) shows the 1608 keV 7 -ray to  be coincident w ith 395 keV and 944 keV, but not 
w ith 1638 keV and 1769 keV, leading to  the conclusion th a t the 1608 keV de-populates the E x = 2 3 1 2  keV 7^=9+ 
level. Further support for this placement is the appearance of the weak 131 keV transition in this gate, as well as 
the 1208 keV peak. Panel (b) provides the same conclusion, w ith the 131, 214, 312, 646 and 734 keV transitions (but 
not 395 and 944 keV) present in panel (a). Panel (c) shows no peaks th a t correspond to  previously reported gamma 
rays assigned to indicating th a t 1608 keV is not coincident w ith the 1769 keV transition. The data  presented in 
this work also indicates th a t the 7  ray de-exciting the 4178 keV level (214 keV) has m ultipolarity A 7 = l (see Table 
II), which is consistent w ith the study of W arburton e t  al. [6 ]. This is contrary to the results published in [7] which 
assigns this transition A7=2. As a result of this discrepancy, the tentatively assigned positive parity  side branch 
shown in Figure 2 is consistent w ith the branch labeled ‘C ’ in Xu e t  al. [7] but with the member levels spins reduced 
by 1 7i.
Two tentatively placed levels for ®^Y in the current work are a t excitation energies of 9142 and 9614 keV. The 
two gamma rays depopulating these levels are seen in the inset plots of Figures 3 and 4. Projections of the energy 
gates placed on these transitions in the 7  ^ coincidence cube w ith second gates placed on the 214, 312 and 646 keV 
transitions are shown in Figure 8 . Panel (a) shows the 2033 keV gate with the 214, 312, 396, 435, 546, 575, 646, 
734, 1208, 1760 keV gamma rays present bu t not the 307 keV transition. This indicates the 2033 keV transition 
feeds directly into the level scheme a t the £'a;=7109 keV level. Panel (b) shows the projection of the 3081 keV gate 
with the 214, 312, 396, 435, 546, 646, 734, 1208, 1769 keV transitions present. The 575 and 307 keV transitions are 
not present in this projection suggesting the 3081 keV gamma ray populates the Eg,=6533 keV level. The parities of 
the previously um eported levels are assigned tentatively on the basis of comparison with the shell model calculations 
discussed in the next section.
IV. SHELL MODEL CALCULATIONS A ND DISCUSSION
Truncated basis shell model calculations were carried out for ®®Y using the code NuShellX [15]. The valence space 
used covered the m ajor shell from Z, N=28-50, w ith a  ®®Ni inert core. No sub-shell truncations were applied to  this 
model space, allowing the valence particles to move freely between the fg/2 , P3/ 2 , P1/2  and gg/2  single particle orbitals. 
The interaction chosen was based on the Bonn-C potential, w ith the four single particle energies, fs/2 (-8.7087 MeV), 
P3 /2 (-9-8280 MeV), P1 /2 (-7-8388 MeV) and gg/2(-6.2617 MeV), modified empirically to fit experimental energy data  
in the region A=63-96, including ®®Y, see ref. [16]. The highest spin /parity  configurations possible for the valence 
space used in the current work are 23“  and 24+ (see Table III).
®®Y has one neutron hole in the N=28-50 m ajor shell. The calculations have no sub-shell restrictions on the 
neutrons, however, it is clear from the results of these calculations th a t the ^'(59 / 2 )“  ^ is the only neutron configuration 
of significance. There are also no sub-shell restrictions placed upon the proton single particle orbitals, allowing free 
movement of the 11 valence protons in the ‘fpg’ m ajor shell. The results of the shell model calculations are shown in 
Figure 5, with detailed results presented in Table III. Figure 5 shows the experimental level scheme of ®®Y deduced in 
the current work alongside the shell model calculations for ®®Y. The calculations for ®®Y show reasonable agreement 
with the experimental yrast level schemes up to excitation energies of ~ 5  MeV. These lower-spin and excitation 
yrast levels are well described by simple configurations. For example, the 7^= 4“  and 5“  sta te  wavefunctions in ®^Y 
consist of more than  80% 7r(p i/2) ^'(gg/2) with other particle configurations contributing less than  5% each to  the 
wavefunction. The shell model calculation predicts the yrast 7^=8+ sta te  to  have an excitation energy of 823 keV. 
The general agreement between theory and experiment holds well, w ith differences of less than  200 keV, for the 
negative parity  states up to  the 7^=15“ , Ea,=5766 calculated state. Above this the difference between the theoretical 
and experimental results increases to  more than  1 MeV, possibly suggesting competition from cross-core excitations 
in the formation of near-yrast states in this energy range.
As with the negative parity states, the predicted positive parity  states show a reasonable agreement w ith the 
experimental results a t lower excitation energies, however, the agreement extends to higher energies of ~ 8 .6  MeV. 
Figure 2  shows th a t the predicted higher energy positive parity states are consistent with those states identified in a 
parallel side branch. If these side branch states had negative parity, i.e. the same parity of the main decay sequence, 
one would expect to  observe competing E2 transitions from the Eg,=6266 keV spin 14 sta te  to  the Ea,=3964 keV 
7^=12“  state and from the Ea,=6815 keV spin 15 state to  the Ea;=4178 keV 7^=13“  state. The energy of such
transitions would be 2302 keV and 2637 keV respectively bu t there is no evidence of such discrete energies in the 
current work, consistent with positive parity  assignments for the side branch levels.
The shell model calculations predict th a t the yrast 7^=19+ state should be ~500 keV above the observed 7^=18+ 
yrast state. No firm evidence for a sta te  corresponding to this predicted level is observed in the current work. The 
yrast 7^=20+ and 20“  states are predicted to  lie almost 3 MeV above the 7""’=19+ state (see Table III) which suggests 
an exhaustion of energetically favoured angular momentum couplings in this valence space. The large energy gap 
suggests th a t cross-shell excitations may compete w ith such transitions, fragmenting the potential population of states 
with 7 >  207i.
It was expected th a t the heavy-ion fusion evaporation reactions would im part angular momentum up to  40 U to  the 
nucleus under study. However, it can be seen in Figure 2 th a t the extended experimental level scheme for only 
exhibits levels up to a spin of 19 h. I t is possible th a t no discrete levels are observed a t higher spins in the current 
work due to  the level scheme fragmenting, with a large number of weakly populated levels th a t are difficult to  observe 
discretely.
Above ~ 5  MeV the agreement between experiment and theoretical prediction becomes weaker. At some stage, the 
excitation energy will become sufficient for a neutron excitation across the N=50 shell gap. The N=50 shell gap is of 
the order of several MeV meaning within the energy range being examined it is possible for neutrons to  excite across 
the gap. However, the calculation model space used includes only single particle states up to  gg/2  for both  protons 
and neutrons, therefore allowing no excitations across the N=50 shell gap. This is likely to be the source of the large 
differences between the shell model calculations and the experimental levels scheme at high excitation energies.
V. CONCLUSIONS
A spectroscopic study of the near magic, odd-odd, nucleus ®®Y has been performed. Previously unreported data  
has been used to  present a level scheme th a t extends to  higher excitation energy and spin than  previously reported. 
Angular correlation measurements were performed allowing the confirmation of previously reported level angular 
momentum and newly observed level angular momentum to  be assigned. Shell model calculations were performed 
using NuShellX and reasonable agreement between experimental da ta  and theoretical predications was achieved for 
states w ith 7 <  18/1. No evidence for decays from discrete levels w ith 7 >  20^ was observed in the current work, in 
spite of a semi-classical angular momentum of >40 U being imparted. This suggests a complex fragmentation of the 
level scheme for ®®Y above 7 >  18/i associated w ith excitations across the N=50 closed shell.
VI. ACKNOW LEDGM ENTS
The author would like to acknowledge the excellent work of all the technical staff a t the Wright Nuclear Structure 
Laboratory. This work is supported by STFC UK, EP/D077133/1, and U.S. DOE under grant no. DE-FG02- 
91ER40609, DE-FG52-06NA26206 and DE-FG02-05ER41379.
[1] F. Gabbard, G. Chenevert and K. K. Sekharan, Phys. Rev. C 6  2167 (1972)
[2] M. Davidson, J. Davidson and M. A. J. Mariscotti, Nuclear Physics A 352 237 (1981)
[3] H. W. Baer et al., Nuclear Physics A 218 355 (1974)
[4] J. R. Comfort and J. P. Schiffer, Phys. Rev. C 4 803 (1971)
[5] J. L. Horton and C. E. Hollandsworth, Phys. Rev. C 13 2212 (1976)
[6] E. K. Warburton et al., J. Phys. G 1 2  1017 (1986)
[7] C. J. Xu et al, Phys. Rev. C 8 6  027302 (2012)
[8] O. B. Tarasov and D. Bazin, Nucl. Instum, and Meth. A 204, 174 (2003)
[9] A. Gavron, Phys. Rev. C 21 230 (1980)
[10] G. W. Beausang et al, Nucl. Instr. and Meth. A. 452, 431 (2000)
[llj M. A. Caprio and J. J. Ressler, cscan sorting package and site-specific routines (unpublished).
[12] D. C. Radford, Nucl. Instum, and Meth. A 361, 297 (1995)
[13] G. Mukherjee and A. A. Sonzogni, Nuclear Data Sheets 105 419 2005
[14] B. Singh, Nuclear Data Sheets 85 1 1998
[15] B. A. Brown and W. D. M. Rae, Nushell@MSU MSU-NSCL report (2007)
[16] M. Honma, T. Otsuka, T. Mizusaki and M. Hjorth-Jensen, Phys. Rev. C 80 064323 (2009)
+ Ge (a) 60 MeV
 ^ 5x10 (N ❖ +
‘ O^ + Ge @ 90 MeV
1000 1500
Energy (keV)
2500
FIG. 1: Total projection of ungated symmetrised 7  ^ matrices from the (a) backed target and (b) thin target experiments 
described in the current work.
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FIG. 2: Experimental level scheme for constructed in the current work.
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FIG. 3: Comparison of the (a) backed and (b) thin target 7  ^ data with a gate set on the 312 keV transitions. Inset plots x-axis 
range from 1800-3500 keV. * indicates gamma-ray transitions associated with in the current work but not reported by [6].
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FIG. 4: Comparison of the (a) backed and (b) thin target 7  ^ cube data with gates set on the 214 keV and 312 keV transitions. 
Inset plots x-axis range from 1800-3500 keV. Energies with * correspond to the three peaks in the inset plot.
TABLE II; Experimental Results for
Ey (keV) Ei ^  Ef (keV) I f  -> t60 MeV^  r^el t90 MeV r^el t>6D MeV nWU MeVt^DCO ^DCO
1769(E2) 1208(E1) 1769(E2) 1208(E1)
131.4(10) 2444-^2312 10+ -4  9+ 2.7(5) 3.9(15) - -
214.0(1) 4178-^3964 13“ -4 12- 85(3) 115(5) 0.53(2) 0.97(7) 0.51(3) 0.96(8)
306.8(3) 7417-^7109 19+-) -4 18^  ) 3.7(4) 8.5(9) 0.71(17) 0.81(19)
312.1(1) 3964-^3652 12- -4 11- 100(3) 100(3) 0.53(3) 0.99(6) 0.52(4) 0.96(8)
327.0(10) 7142-^6815 16++) -4 15(+) 7.0(5) 12.9(11) 0.44(16) 0.87(23) 0.50(16) 1.51(36)
395.9(1) 3652-^3257 11- -4 10 23.9(11) 18.5(15) - -
434.7(2) 5990-^5558 16+-) -4 15(-) 6.2(6) 16.6(15) 0.31(9) 1.03(33) 0.47(14) 0.63(11)
543.6(2) 6533-^5990 17+-) -4 16^-) 6.2(5) 20.8(14) 0.59(5) 0.83(11)
550.8(2) 6815-^6266 15++) -4 14(+) 2.6(3) 3.1(6) 0.59(22)
575.4(3) 7109-^6533 18+-) -4 17^-) 5.4(6) 19.2(16) 0.39(16) 0.71(10)
646.1(1) 4824-^4178 14+-) -4 13- 37.2(14) 62(3) 0.57(9) 0.85(8) 0.46(6) 0.94(13)
704.6(2) 7846-47142 17++) -4 16(+) 5.6(5) 12.8(15) 0.72(16) 1.18(31)
734.4(1) 5558-44824 15+-) -4 14 -^) 14.5(8) 30.1(18) 0 .88 (12) 0.58(11) 0.79(10)
780.3(10) 8627-47846 18++) -4 17(+) 5.0(24) 12.2(17) 0.36(8) 0.93(24) 1.32(21)
802.3(1) 1477-4675 9+ -4 8+ 17.3(24) 12.4(17) - 0.92(19) 1.01(16)
812.0(10) 3257-42444 10 -4 10+ 0 .2 (8) 0.2(7) - -
944.3(1) 3257-42312 10 -4 9+ 17.6(11) 7.5(16) - - - -
967.5(3) 2444-41477 10+ - 4 9+ 6.6(9) 4.0(16) - 1.46(23) -
1208.2(1) 3652-42444 11- - 4 10+ 75(3) 51.8(26) 0.54(8) gate 0.64(7) gate
1608.4(1) 2312-4704 9+ -4 7 15(2) 10.3(11) - - - -
1637.7(1) 2312-4675 9+ -4 8+ 8.9(7) 7.9(13) - - - -
1769.3(1) 2444-4675 10+ - 4 8+ 97(4) 51(3) gate 1.75(8) gate 1.42(12)
1779.3(2) 3257-41477 10 -4 9+ 11.8(9) 7.6(16) - - - -
1991.0(2) 6815-44824 15++) -4 14(-) 5.1(4) 8.3(9)
2032.6(10) 9142-47109
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FIG. 5: Experimental level scheme for constructed from the presented data alongside shell model calculations performed 
using NuShellX and the jun45 interaction.
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TABLE III: Shell model calculation results for (see text for de­
tails).  ^ Percentage of state wavefunction with this angular momentum 
coupling. * Percentage of the total state wavefunction with this single­
particle configuration.
r
State 
E  ^ (keV)
%+ Ang.
7T
mom.
u
7T occupancy 
fs/2 P s /2  Pl/2 g g /2
4 - 0 81 1/2 9/2 50 6 4 1 0
10 6 2 1 2
5 - 292 88 1/2 9/2 62 6 4 1 0
11 6 2 1 2
8+ 823 88 9/2 9/2 50 6 4 0 1
10 6 2 2 1
10 6 2 0 3
7+ 862 89 9/2 9/2 50 6 4 0 1
10 6 2 2 1
10 6 2 0 3
6" 1272 72 3/2 9/2 37 6 3 2 0
16 6 3 0 2
9+ 1642 89 9/2 9/2 50 6 4 0 1
11 6 2 2 1
10 6 2 0 3
7- 1665 93 5/2 9/2 38 5 4 2 0
25 5 4 0 2
13 5 2 2 2
9+ 2394 23 9/2 9/2 6 6 3 1 1
18 5 4 1 1
60 11/2 9/2 18 6 3 1 1
25 5 4 1 1
10+ 2540 40 11/2 9/2 11 6 3 1 1
16 5 4 1 1
53 13/2 9/2 18 6 3 1 1
16 5 4 1 1
8“ 2991 78 7/2 9/2 43 6 3 0 2
10 5 3 1 2
9 - 3021 28 9/2 9/2 16 6 3 0 2
60 13/2 9/2 44 6 3 0 2
10+ 3319 20 11/2 9/2 9 5 4 1 1
66 13/2 9/2 31 6 3 1 1
23 5 4 1 1
10- 3362 85 13/2 9/2 65 6 3 0 2
11+ 3439 95 13/2 9/2 32 6 3 1 1
27 5 4 1 1
11- 3819 79 13/2 9/2 50 6 3 0 2
7 5 4 0 2
5 6 2 1 2
12“ 4163 15 15/2 9/2 5 6 3 0 2
6 5 4 0 2
30 17/2 9/2 7 6 3 0 2
13 5 4 0 2
45 19/2 9/2 11 6 3 0 2
23 5 4 0 2
13- 4379 40 17/2 9/2 25 5 4 0 2
37 19/2 9/2 22 5 4 0 2
19 21/2 9/2 13 5 4 0 2
12+ 4673 63 15/2 9/2 24 5 3 2 1
17 5 3 0 3
30 17/2 9/2 12 5 3 2 1
14- 5074 50 19/2 9/2 30 5 4 0 2
47 21/2 9/2 31 5 4 0 2
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TABLE III -  continued from previous page
State Ang. mom. 7T occupancy
r E  ^ (keV) 7T u fs/2 Ps/2 Pl/2 gg/2
13+ 5688 91 17/2 9/2 30 5 3 2 1
27 5 3 0 3
7 4 4 0 3
15“ 5766 96 21/2 9/2 62 5 4 0 2
10 5 2 2 2
10 5 2 0 4
14+ 6261 58 19/2 9/2 36 5 3 0 3
9 4 4 0 3
30 21/2 9/2 15 5 3 0 3
15+ 6689 76 21/2 9/2 49 6 2 0 3
7 4 4 0 3
17 23/2 9/2 7 5 3 0 3
16“ 7294 66 23/2 9/2 47 5 3 1 2
32 25/2 9/2 23 5 3 1 2
16+ 7324 67 23/2 9/2 43 5 3 0 3
10 4 4 0 3
22 25/2 9/2 13 5 3 0 3
17“ 8108 98 25/2 9/2 67 5 3 1 2
8 4 4 1 2
17+ 8113 67 25/2 9/2 42 5 3 0 3
11 4 4 0 3
23 27/2 9/2 14 5 3 0 3
9 29/2 9/2 6 5 3 0 3
18+ 8847 68 27/2 9/2 42 5 3 0 3
10 4 4 0 3
21 29/2 9/2 19 5 3 0 3
19+ 9333 97 29/2 9/2 59 5 3 0 3
13 4 4 0 3
7 5 2 1 3
18“ 10078 63 27/2 9/2 40 5 2 0 4
7 4 3 0 4
7 5 1 1 4
34 29/2 9/2 22 5 2 0 4
19“ 10185 95 29/2 9/2 59 5 2 0 4
11 4 3 0 4
9 5 1 1 4
6 4 2 1 4
20“ 11981 96 31/2 9/2 59 5 2 0 4
18 4 3 0 4
6 5 1 1 4
7 4 2 1 4
20+ 12167 96 31/2 9/2 63 5 2 1 3
26 4 3 1 3
21+ 12903 100 33/2 9/2 90 4 3 1 3
21“ 13357 91 33/2 9/2 44 4 3 0 4
18 3 4 0 4
14 4 2 1 4
8 35/2 9/2 8 4 3 0 4
22“ 13802 99 35/2 9/2 86 4 2 0 5
22+ 15953 98 35/2 9/2 84 4 3 0 4
23“ 16323 100 37/2 9/2 83 4 2 1 4
15 3 3 1 4
23+ 16948 100 37/2 9/2 83 4 2 0 5
11 3 3 0 5
24+ 20615 100 39/2 9/2 100 3 2 1 5
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